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Durante el desarrollo de una tesis uno tiene muchas veces el placer, 
algunas pocas la desgracia, de tener que interactuar con numerosas 
personas. Todas ellas aportan algo al resultado final de la misma, ya 
sea por su aportación científica, por su apoyo a mantener el estado 
anímico o simplemente porque el que se cruzaran en tu camino 
condicionó el resultado final.  Conocedor de que han sido muchas las 
personas, más de las que recordaría si intentara nombrarlas a todas,  
me gustaría centrarme más en lo que todas ellas han aportado que en 
una fría lista con sus nombres. 
Empezaré haciendo una excepción y nombrando a David Torrents, 
básicamente porque el grupo al que pertenece empieza y acaba en él, 
el de director y jefe durante toda mi tesis. Primero de todo quisiera 
agradecer su confianza al aceptarme como doctorando suyo en el 
Barcelona Supercomputing Center. En plena crisis financiera, con el 
gobierno tanto autonómico como nacional sometiendo a la 
investigación pública a unos terribles recortes, confiar en un simple 
estudiante de biología que llega a la puerta de tu despacho puede 
parecer todo un acto de valentía. Si a lo anteriormente mencionado 
añadimos un currículum universitario nada destacable y la 
imposibilidad de solicitar becas, la valentía de depositar la confianza 
en dicha persona empieza a tornarse peligrosamente en temeridad. 
Pero si algo ha caracterizado a David durante los años que he 
cohabitado en el grupo de Computational Genomics con él ha sido su 
patológico optimismo.  Resulta redundante destacar que gran parte 
de lo aquí escrito es fruto directo de su persona. 
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Haré una última excepción con Bàrbara Monsterrat, la postdoc a la 
que he respetado y obedecido como segunda jefa. De ella aprendí que 
había personas que vivían la investigación pública con absoluta 
devoción, y que lamentablemente yo no era una de ellas. Ella me guio 
en mis primeros pasos enseñándome a ser paciente y perseverante. 
A todo el grupo de técnicos, doctorandos y postdocs del 
departamento de Life Science en general y muy particularmente a 
todos los que han formado a lo largo de estos años el grupo de 
Computational Genomics. Muchos de ellos han tenido aportaciones 
científicas de gran relevancia en esta tesis, y los que no ha sido el caso 
han ayudado a mantener un excelente clima de trabajo.  Todos ellos 
han sabido ser algo más que simples conocidos de trabajo y han hecho 
que venir al BSC sea un placer que ofenda llamarse “venir a trabajar”. 
A todos los científicos externos que han ayudado a que esta tesis 
brillara, como son las colaboraciones con diferentes universidades y 
centros (UB, IRB, EMBL, Univerisadad de Kiel…). Capítulo especial 
merece el Hospital Clínic, concretamente el grupo de Oncomorfologia 
funcional humana i experimental, y la enorme confianza que siempre 
depositaron en mi persona, algo que a lo largo de estos años he 
podido constatar como extremadamente excepcional. 
A cualquiera que haya sentido directa o indirectamente que han sido 
responsabilidad mía o que hayan tenido que obedecer alguno de mis 
mandatos. Pese a considerarme un blando mandando, estoy seguro 
que en algún momento tuvieron que armarse de paciencia. A todos 




Finalmente me gustaría agradecerle a toda mi familia su apoyo, desde 
el que ha tenido que sufrirme poco al que ha tenido que aguantarme 
en los momentos más difíciles. Muchas veces infravaloramos lo 
importante que es el tener un buen estado anímico, mucho más 
importante que la mejor de las ideas para tu estudio. Son todas esas 
personas más cercanas, aquellas que realmente merecen ser llamadas 
familia, tengan lazos de sangre o no, las que ofrecen el apoyo y la guía 
necesaria. Sin ellos, no solo estoy totalmente convencido de que jamás 
hubiera llegado a depositar esta tesis, sino que posiblemente no 
hubiera ni finalizado la totalidad de mis estudios que actualmente 
adornan mi CV. 
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This thesis represents my research trajectory at the Barcelona 
Supercomputing Center, as part of the computational genomics group. 
The computational genomics group main goal is the analysis of 
biological data to understand the genetic and molecular causes and 
consequences of the most frequent human diseases. 
In particular I developed my studies in the analysis of cancer data. I 
have combined the development of bioinformatic tools to analyze 
genome information with their application on cancer genome data in 
order to answer specific questions regarding the genomic basis of the 
disease. Therefore, the present thesis focuses on the biological 
aspects in the study of cancer patients, the capability to annotated 
genomic regions using different sources of data and how all this 
information can be integrated to help us to understand the basis of 
the development and progression of the disease. 
The study of cancer genomes has grown dramatically with the 
production of thousands of sequenced samples from thousands of 
patients. In parallel, many bioinformatic applications have been 
developed to analyze the different sources of data: whole genome 
sequencing, exome sequencing, RNAseq, SNP arrays, epigenomic data, 
and others. Several databases and web portals are also publicly 
available providing all types of information regarding these samples, 
from raw data to preliminary results. Due to the vast amount of 
programs, studies, consortiums and available genomic data the 
introduction will focus on general technical and strategical aspects of 




Finally, I would like to apologize to all the people and studies that, due 
to extension constraints, are not cited in the thesis, despite their 






The identification of the genetic and molecular basis of disease has 
been one of the central interests of biology and biomedicine. 
Uncovering the modifications in the genome associated to specific 
pathological phenotypes allows the identification of the molecular 
processes behind each disease. From the generation of specific gene 
panels within the clinics, to the design of precise drugs targeting 
specific proteins related to the pathology, this research activity is 
fundamental to understand the mechanisms of the diseases and to 
develop better and more precise diagnosis and therapeutic protocols.   
Nowadays, the explosion of sequencing technologies has made the 
analysis of genomic sequences cheap and accessible, expanding the 
possibilities of finding disease markers in the genome. The availability 
of complete genomic sequences for a large number of patients 
complements the traditional genomic analysis of diseases in two 
major ways: (1) by giving the possibility of generating richer and 
more precise profiles of polymorphic variation (haplotypes) within 
the population, which, in turn, increases the statistical power to find 
disease associated risk variants. It impacts in the study of DNA 
modifications that are heritable and affect multigenic diseases. They 
usually confer a given risk or susceptibility of developing the disease 
and are present in all the cells of the organism. These are commonly 
named as germline variations or polymorphisms; and (2) by allowing 
the search and direct analysis of disease mutations through the 
gathering of significant amount of genomic data from patients. This 
can be applied to the analysis of heritable mutations giving rise, 
mostly, to monogenic or rare diseases, and to the analysis of somatic 
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variants, which occur during the life span of the individual and are 
involved in several pathologies, including cancer. An important 
fraction of this thesis is centred in the analysis of somatic mutations 





Acquired during the lifetime, somatic variants appear de novo in 
some cells of the organism.  Most of them are expected to be harmless 
but, in a few cases, those changes in the genome can give rise to 
genetic disorders. If one single variant is enough to trigger the 
disease, it is classified as a monogenic disorder (Weatherall 2001; 
Erez and DeBerardinis 2015). When several somatic variants act 
together altering different cell processes, it is considered that they are 
involved in complex genetic diseases. Cancer is a challenging example 
of this type of diseases due to its complexity in the number of somatic 
variants involved and the different biological processes affected as 





Figure 1. Distribution of mutation frequencies across 12 cancer types. 
Dashed grey and solid white lines denote average across cancer types and 
median for each type, respectively (Kandoth et al. 2013). 
 
The somatic mutations arise from different endogenous and 
exogenous factors. As part of the endogenous causes the replication 
errors are common in all the different cells under division and in 
some cases these errors are not repaired or it is done 
incorrectly. Other inner causes are the DNA damage due to reactive 
oxygen, malfunction of enzymes involved in DNA repair, 
retrotransposons, other DNA binding proteins, and many more. The 
list of external factors is large, including the most common potential 
mutagens, such as tobacco, UV light and radiation. Clear examples can 
be found in the substitutions of C>T and C>G produces by over-
activity of members of the APOBEC family (Alexandrov et al. 2013). 
The somatic mutagenesis is the fundamental cornerstone of the 







The role of sequencing technologies within the field 
 
Sequencing technologies have been essential to help us 
understanding the human genome and to uncover the genetic 
variability within and among individuals, as well as its role in human 
disease (Escaramis et al. 2015). The evolution of DNA sequencing 
covers a wide range of possibilities and technologies. Each type of 
sequencing technology has involved a particular range of use in a 
particular moment on research and has also entailed specific 
limitations.   
Sanger sequencing technologies have contributed to biomedicine for 
more than 20 years, and still do, by initially introducing molecular 
genetics techniques into the research lines of nearly every bio-
research group (Sanger et al. 1977). For example, thousands of cDNAs 
and millions of Expressed Sequenced Tags (ESTs) have been 
sequenced using Sanger technology, which have been essential to 
build the basis for almost all what we know about the molecular 
biology of diseases. Mostly used for the sequencing of amplified DNA 
targeting relatively small regions, Sanger sequencing was also later 
used for deciphering complete bacterial and eukaryotic genomes. In 
2001 the first draft of the human genome was finished by the public 
consortium, setting up the basis of the new era of biomedical 
genomics (International Human Genome Sequencing 2004). This 
constituted a great effort involving more than 3 US$ billion, more than 
10 years, and a large number of countries and research groups. 
Despite late improvements in price and speed, the price and the 
processing power of the Sanger technology did not allow a massive 
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sequencing of different individuals of a given population or 
phenotypic group, which posterior sequencing technologies could. 
 
Next generation sequencing 
 
Sanger sequencing technology was displaced by novel techniques that 
bring sequencing closer to most of the researches groups, and 
enabling large-scale sequencing. Pyrosequencing method was first 
released in 1998 (Ronaghi et al. 1998) and the first commercial 
product was the 454 Life Science in 2005.  The new method had 
several advantages. The main one was the use of DNA libraries 
allowing the automatization because it no longer depends on specific 
primers. The second is the capability to directly detect the read strand 
without electrophoresis, eliminating the human intervention and 
permitting the parallelization. 454 pyrosequencing triggered the next 
generation sequencing (NGS).  One year later Solexa platform was 
commercialized and, in 2007, the SOLID system by Applied 
Biosystems (Valouev et al. 2008). Nowadays Illumina Hiseq 
technology can produce more than 3 Billion reads in less than 3 days 
reducing the cost of analyze a human genome in less than $1000. All 
NGS platforms have common traits: highly automated and 
parallelized protocols, short read length (from tens to few hundred 
nucleotides) and, most importantly, a reduced cost per sample run. 
The fast evolution of sequencing technologies last 15 years has 
produced a dramatically growth of sequenced data, as can be 












Figure 2. Evolution of new eukaryotic sequenced species since 1998 
according to NCBI data. Blue bars represent the total number of new 
organisms. Red line corresponds to the total amount of storage information 
regarding the sequenced genomes. 
 
Major applications of Next Generation Sequencing technologies  
 
The low costs combined with the sequencing speed revolutionized 
genomics allowing medium and small laboratories to include even 
large-scale sequencing within their projects and research plans. The 
immediate profit was the access to the genomes of many individuals, 
phenotypes and conditions, considering large targeted fragments 
(single or multigenic panels), coding regions (Whole Exome 
Sequencing, WES; (Ng et al. 2010; Kiezun et al. 2012)) or the entire 
genome (Whole Genome Sequencing, WGS). Nowadays technologies 
based on NGS are predominant in genomic scientific studies as can be 
observed figure 3. With the availability of genome sequences we can 
directly search for risk or causal disease mutations using massive 
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computational approaches to later link them with their functional 










Figure 3. Abundance of different studies group by technology in EGA 
database. Epigenetics, exome sequencing, resequencing, single-cell 
sequencing, transcriptome and whole genome sequencing are all techniques 
partially or complete derived from NGS (Lappalainen et al. 2015). 
 
In addition to DNA sequence, NGS technologies have also given access 
to the entire transcriptome through RNAseq, also known as Whole 
Transcriptome Shotgun Sequencing (WTSS), which is probably the 
best example of novel techniques that use NGS not limited to genomic 
DNA (Morin et al. 2008). The results are the sequencing of the entire 
collection of mRNAs of a given sample, which can be then analyzed 
quantitatively, to detect relative abundances of particular mRNAs 
isoforms, and qualitatively, to identify new fusion/chimeric genes and 
splicing aberrations. RNAseq is currently also included in the study of 
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genetic diseases in combination with the analysis of the genome of the 
same sample. At the end, this allows to correlate particular changes in 
the genome with changes in the expression of particular genes (Wang 
et al. 2009; Ren et al. 2012; Teles Alves et al. 2015). 
NGS technologies have also permitted the massive sequencing of 
short fragments of DNA, which has been key to setup complex 
experiments involving the isolation and sequencing of particular 
regions of the genomes that interact internally or with other 
molecules. For example, methods based on chromatin 
immunoprecipitation sequencing (ChIP-seq) have largely contributed 
to the annotation of non-coding part of the genome (Johnson et al. 
2007). Through a first step of purification of the protein of interest, 
which is physically interacting with the DNA (chromatin 
immunoprecipitation), followed by a massive parallel sequencing of 
all these DNA fragments. This technique has already provided 
extremely useful information, for example, thousands of bindings 
sites for a given transcription factor protein, DNA polymerase binding 
sites, histones positioning, and others (Gerstein et al. 2012; Wang et 
al. 2012). 
Another relevant example of NGS application is the chromosomal 
conformation capture (3C) and their variants 4C, 5C and Hi-C (Dekker 
et al. 2002). In exactly the same direction that previous methods it is 
based on, they sequence cross-linked DNA regions that are proximal 
in the space. Digestion of these compounds and forward sequencing 
allows the detection of proximal DNA regions and the understanding 
of the interactions and the spatial distribution of the genomic DNA 




Analysis of NGS data 
 
The recent and growing amount of sequencing data generated around 
diseases using NGS is revolutionizing our understanding of genetic 
disorders permitting the detection of driver (causal) variants in the 
genome and, at the same time, the study of their potential impact in 
the pathology, by combining it with the functional annotation of the 
genome.  The analysis of all this data has been a challenge at different 
levels, conceptually, but also from the point of view of the methods 
and technologies needed to process it. Currently, our capability to 
generate sequencing data is growing faster than our power to analyze 
and process it. The scientific community has to overcome enormous 
computational challenges in order to store, manage and analyze all 
this information (Eisenstein 2015; Marx 2015). The current thesis 
describes our contribution in solving these limitations by providing 
novel bioinformatic solutions that connect the generated information 
with our understanding about the genetic causes and consequences in 
disease. 
All NGS approaches have in common the massive parallel 
sequencing.  As a result, the user obtains millions of short reads 
containing the targeted information. These sequence reads cannot be 
directly interpreted and it is necessary to process and analyze them 
with complex bioinformatic protocols and applications. In contrast to 
Sanger sequencing technology, NGS generates such amount of small 
reads that the bioinformatic community had to invent new protocols 
or adapt existing ones for the analysis of sequence data. For example, 
the most common initial step for the analysis of NGS data in nearly all 
its applications is to align all the reads against a reference genome, 
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which allows the user to study them grouped by regions of interest. 
This has involved a redesign of the strategy and alignment algorithms, 
for example BWA (Li and Durbin 2009) and GEM (Marco-Sola et al. 
2012).  
The mapping step is extremely sensitive to the uniqueness of the 
target sequence within the genome and to the level of sequence 
identity. To be able to align NGS reads in a reasonable timeframe, 
these methods force a highly concordance between the sequenced 
data and the reference genome (Li and Durbin 2009). While this does 
not affect many of the applications, it does interfere with the analysis 
of mutations, as, in these cases, the reads of interest, i.e. those 
containing changes, are expected to have lower mapping scores. The 
problem becomes much more complex if we include the thousands of 
repetitive or low complexity region of the genome. To aid during the 
mapping process most of the NGS techniques now incorporate what is 
known as paired-end reads, which consists in the generation of pairs 
of sequencing reads whose distance in the genome is known 
(Fullwood et al. 2009). Although, this has not completely solved the 








Cracking the genetic code 
 
The next NGS allowed hundreds of different studies to analyze a large 
number of patients in order to identify the variation associated  to a 
large number of genetic diseases (van Dijk et al. 2014) (Mardis 2008). 
Promptly the scientific community needed to transform all these 
information into real knowledge to interpret the genomic code and 
understand the functional impact of each of the genomic changes 
identified as associated to disease. This is an essential step, not only 
to link a specific disease to a given single or group of variants, but also 
to be able to understand the biological impact of the different variants 




Right after a new variant is associated with a disease, the immediate 
question to answer is how it is affecting the cell behavior and how 
relevant might be for the development of the molecular mechanisms 
suspected or known to be driving the disease. The impact that a 
genetic variant can have within cell functionality is wide: from the 
direct modification of a gene producing a malfunction of the encoded 
RNA or protein, to changes in gene expression regulatory regions, in 
the overall stability of the chromatin and others. Different large-scale 
initiatives have been launched to complete the annotation of 
functional elements within the human genome in order to, among 
others, have better and more accurate possibilities of correlation 
between genetic modification and functional impact.    
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The ENCyclopedia Of Dna Elements (ENCODE) was the first 
international project with the enormous challenge of elaborate a 
comprehensive catalog of the structural and functional components 
encoded in the human genome (Consortium 2004). The catalog 
included protein-coding genes, non-protein-coding genes, 
transcriptional regulatory elements and sequences that mediate 
chromosome structure and dynamics.  To elaborate this catalog the 
ENCODE consortium integrated thousands of different analysis that 
could have not be done without the NGS technologies: ChIPseq, 3C, 
DNaseI, DNA sequencing, RNA sequencing, Methylations and others. 
Figure 4 represents a briefing about some of the most relevant 
techniques applied to the genome. In its first approach they planned 
to comprehensibly annotate 1% of the human genome, but that first 
objective was quickly overcome by the improvement of the analysis 
techniques and finally most of their results were extended to the 
annotation of the whole genome. Several international subconsortia 
and subprojects have taken part within ENCODE annotation initiative. 
For example, VEGA (Ashurst et al. 2005), GENCODE (Harrow et al. 
2006) and EGASP (Guigo et al. 2006). The last, but still uncompleted, 
frozen set of results were published in 30 different publications in 
2012 (http://www.nature.com/encode/). Currently the collaboration 
between UCSC and ENCODE gives access to 288 human cell and tissue 
types, 32 different assays and mapping information about more than 













Figure 4. Representation of different experimental techniques applied during 
ENCODE analysis in order to provide functional information about the 
different genomic regions. 
 
 
Despite the new technologies have allowed us to obtain and interpret 
all this annotation data, underlying methodologies and statistical 
frames to transform all sequencing data into useful knowledge in 
relation to a specific application (RNAseq, Chip-seq, for example) are 
still under development and improvements, and often still generate 
contradictory or inconsistent results.  This is why part of this 








Finding and classifying functional elements in the genome 
 
Several functional elements can be found in our genome and they are 
responsible of gene regulation, signaling, DNA stabilization, etc. 
Assuming that coding exons are the part of the genome with the 
assignment to codify proteins, most of our DNA is involved in other 
tasks. Figure 5 represents a distribution of what nowadays is known 









Figure 5. Distribution of different functional elements across human genome 
according to ENCODE data. Notice that percentages can exceed 100% 
because some functional elements can overlap between them.  
 
According to GENCODE, initially formed as part of the pilot phase of 
the ENCODE project to identify and map all protein-coding genes, the 
annotation of the coding genes is closed to be finished with a bit less 
than 20.000 genes found in human.  However, the RNA high 
throughput techniques, supported by the new sequencing platforms, 
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have increased the number of known non-coding genes.  Different 
categories have been created to classify the non-coding genes, for 
example, into long non-coding RNA or small non-coding RNA. In total, 
more than 30.000 non-coding genes have been described.  Although 
the biological function of most of them is still unknown, there are 
several examples where they are involved in gene regulation, RNA 
inactivation, signaling, and RNA post-processing (Huttenhofer et al. 
2005) (Ziats and Rennert 2013; Palazzo and Lee 2015). 
Among the functional elements that cannot be transcribed into RNA, 
transposable elements are, by far, the most abundant. The definition 
of the category is diffuse and includes all small pieces of DNA that 
copy and translocate within the genome. In fact, that genomic 
movement can be observed from an evolutionary point of view, not 
only between different species, but also within individuals from the 
same population. These repeats can be particularly important, as they 
have been associated to several diseases (Xiao-Jie et al. 2015) and 
other functionality of the genome, such as with retroviruses, DNA 
stability and gene regulation (Callinan and Batzer 2006) and gene 
duplication during evolution enabling in some cases speciation 
processes (Wicker et al. 2007) (Kazazian and Moran 1998) (Kim et al. 
1998)..These moving regions can include other functional elements, 
even genes, dynamizing over time the combination of exons, complete 
genes and regulatory elements.  
Regulatory regions constitute more than 8% of the genome 
(Consortium 2012). Their annotation is a huge challenge because 
their function is dependent of cell and tissue type, as well as of 
developmental stage.  From the traditional view where a gene needs a 
immediately upstream region, named proximal promoter, to start the 
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transcription, studies have later demonstrate a much more complex 
genomic architecture that regulates the expression of our genes. The 
gene regulation became possible thanks to the interaction between 
the proximal upstream region to the gene (promoter) with one or 
several distal regions (enhancers) in collaboration with several trans 
elements known as transcription factors. Experimental 
approximations, such as 3C, 5C and Hi-C allow us to widen our 
understanding on how the genome adopts an structure that favors 
these interactions, even between regions which are far away in terms 
of DNA sequence but closely in the 3D structure of the nucleus (Belton 
et al. 2012). 
A large number of bioinformatic applications have been developed to 
identify and classify gene regulatory regions (Hallikas et al. 2006) 
(Sun et al. 2009) (Abeel et al. 2009) (Dubchak et al. 2013) (Palin et al. 
2006). Due to the intrinsic difficulty in detecting these heterogeneous 
regions, not a single method or approach seems to be powerful 
enough to capture and characterize all the different regulatory 
regions in the human genome. In the last years, novel methods have 
focused in the combination of different sources of data in order to 
obtain good balances between sensitivity and specificity (Fu et al. 
2014) (Seumois et al. 2014). Currently, a large fraction of the 
accompanying genomic data can be used to infer regulatory potential: 
histone modification marks, ChIPseq of TFBSs, DNase I accessibility, 
evolutionary conservation, sequence motifs, relative distances to 
known genes and the 3D organization of the DNA.  
All these analyses have allowed to observe the high level of plasticity 
of these regions. Different studies expanded their analysis to different 
cell lines of specific tissues, development stages and pathological 
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states. The results confirm how the accuracy in detecting regulatory 
regions depends on the selection of the proper cells and conditions. 
Several research consortiums are generating and offering a wide 
range of different information about the most relevant aspects of 
chromatin in a large number of cell lines that can be used to support 
the potential functionality of non-coding regions: BLUEPRINT (Abbott 
2011), FANTOM (Carninci et al. 2005) and ENCODE (Consortium 
2004).  
Finally, the results of nearly all the genome annotation efforts done in 
the community can be accessed and easily interpreted through 
powerful web platforms that organize all these results according to 
their genomic position: UCSC genome browser (Kent et al. 2002), 
ENSEMBL (Hubbard et al. 2002). Figure 6 shows a screenshot of UCSC 








Figure 6. UCSC genome browser representation of promoter region of CCNE1 
gene. Highlighted region correspond to the promoter region according to the 
most common marks that includes: DNase I accessibility, conservation of 








The cancer genome 
 
Cancer can be considered as a model example of the use of NGS on 
genomes to uncover the mutational spectrum underlying the disease 
and, through the use of the genome annotation, infer its functional 
consequences. Its impact in the society, in combination with the 
complexity of its biology, has drawn important research efforts trying 
to unveil the specific biology underneath the different types of cancer 
processes. Figure 7 shows the number of independent studies 












Figure 7. Distribution of studies by disease type on EGA database. 





All tumor types are characterized by relatively unrestrained 
proliferation of cells that can invade beyond normal tissue boundaries 
and metastasize to distant organs (Stratton et al. 2009). These cells 
escape from both the normal cell behavior and the exogenous 
restraints of growth.  Cancer has been described as an example of 
positive selective evolution in which a given number of cells acquire 
mutations that can confer an advantage, i.e. resistance to death and 
continuous proliferation.  
The processes of somatic mutagenesis allow the tumor cell to 
gradually acquire a set of functional capabilities which are common in 
most, if not all, of the cancer types (Hanahan and Weinberg 2000). 
Firstly, the self-sufficiency in growth signals, or the capability to 
activate proliferation states without the regulation of external 
stimulus. Secondly, the insensitivity to antigrowth signals that 
maintain the quiescence and tissue homeostasis in normal cells. 
Thirdly, in most of the cases the tumor cell can evade the apoptosis 
programmed in their code. Fourthly, instead of autonomously 
regulated their replicative potential in tumors this limitations does 
not exists. Fifthly, the sustained angiogenesis, or the potential to 
constitute real functional tissues with the formation of new blood 
vessels. Lastly, the competence to perform tissue invasions and 
metastasis. Last few years different treatments and drugs have been 
developed targeting those exclusive capabilities of tumor cells, some 




















Figure 8. Therapeutic Targeting of the Hallmarks of Cancer. Drugs that 
interfere with each of the acquired capabilities necessary for tumor growth 
and progression have been developed and are in clinical trials or in some 
cases approved for clinical use in treating certain forms of human cancer 
(Hanahan and Weinberg 2011).  
 
 
Because cancer is a category of probably hundreds of particular 
diseases with multifactorial genetic causes and it implies several cell 
mechanisms our comprehension strongly depends how much we can 
understand the biology of the cell. At this point, please note (below) a 
text written in 2000, which has become premonitory and at the same 
time can be reused nowadays: 
 
We anticipate otherwise: those researching the cancer problem will 
be practicing a dramatically different type of science than we have 
experienced over the past 25 years. Surely much of this change will 
be apparent at the technical level. But ultimately, the more 
fundamental change will be conceptual. 
(Hanahan and Weinberg 2000) 
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The overall complexity of tumorigenesis and its forms of progression 
makes this field of research a challenge that needs, not only the 
identification and characterization of all the mutations involved, but 
at the same time, a deeper understanding about the specific 
functionality of the different regions of the genome affected. It is in 
this sense, and currently applied to cancer research, where NGS 
technologies and the improvements in genome annotation allow a 
clear shift in basic research strategies towards “from genetics to 
function” approximations.  
Previous to the wide accessibility to whole genome sequencing 
technologies, and still very active, a large number of studies have 
provided key genetic and molecular information about most 
commonly affected oncogenes and tumor suppressor genes, mainly 
by using the “from function to genetics” approach (Hanahan and 
Weinberg 2000). Complementing these essential molecular studies, 
large scale genomic analysis are providing to the entire community an 
unprecedented amount of candidate novel cancer genes, together 
with information about mechanism of structural genomic variation, 
often taking place within the tumor cell.  However, not all the somatic 
mutations appearing in a particular cell that becomes immortal are 
involved in this process of transformation. Only a small percentage of 
them can be considered as tumor mutations, commonly named as 
driver mutations. All the other, the passenger mutations, are not 
directly associated with that selective growth advantage. 
The amounts of cancer driver mutations, in combination with all the 
different potential paths that can lead to the disease, add a new layer 
of complexity in the study of cancer. Tumors originating in the same 
organ or tissue can vary substantially in their alterations while 
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similar patterns can be observed in tumors from different tissues 
(Ciriello et al. 2013). This intracancer and intercancer heterogeneity 
puts into question, and highlights the limitations, of the traditional 
approach of treating all tumors of the same tissue as equal. On the 
contrary, new diagnosis and therapeutic protocols should take into 
account the nature of the genomic alterations of each tumor in 
particular in order to make more precise and effective treatment 
protocols. This is actually the basis of personalized medicine, where 
patients will be treated according to specific genetic or molecular 
markers. Cancer is one of the first diseases that benefits of this 
molecular and genetic analysis of the patient. Ras mutation is a well-
known biomarker that defines different populations within colorectal 
cancer to determine their treatment (Stintzing et al. 2015).  
With this aim, a large international initiative was launched few years 
ago that included the compromise of most of developed countries of 
the world to sequence and analyze the genomic and molecular basis 
of several types of cancer. This consortium, The International Cancer 
Genome Consortium (ICGC; https://icgc.org), aimed at sequencing the 
genome of at least 500 patients of particular cancer types, together 
with generating accompanying functional data, such as gene 
expression, epigenetic marks, and others. The research environment 
and the strategies generated by this consortium have become 
standard in the field of cancer genomics. The general protocol within 




















Figure 9. Summary of ICGC protocol to analyze cancer patients. All the 
involved countries sequence healthy and tumor cells from the same patient 
and tissue. The objective is to determine groups of patients sharing the same 
DNA faults to develop gene tests and drugs. 
 
In order to favor the identification of the specific genetic and 
molecular basis of tumors, normal and tumor cell samples (ideally 
from the same tissue) are extracted from each patient and analyzed at 
the level of genome and transcriptome sequencing, and of specific 
chromatin states. All this data is then analyzed using computational 
approaches that combine, among others, (i) the identification of all 
the spectrum of somatic variations in the genome. It includes single 
nucleotide variants (SNVs) to structural variants (SV) that involve 
small or medium size insertion, deletions and inversions (commonly 
known as indels) and large chromosomal rearrangements, viral 
integration and other structural modifications of the genome. It is in 
this particular frame that the present thesis had its major 
contribution. Additionally, copy number variation (CNV) is also 
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explored within these tumor genomes; (ii) analysis of RNAseq data to 
explore tumor specific expression profiles; and (iii) analysis of DNA 
methylation and other chromatin modifications.  
All these results are then interpreted and crossed with genome 
annotation to identify what are the genomic and transcriptomic 
modifications that are related to the development or progression of 
the tumor, i.e. which are driver events. The distinction between driver 
and passenger (non tumorigenic) events is still a challenge. Although 
a number of methods (Ng and Henikoff 2003; Carter et al. 2009; Reva 
et al. 2011; Gonzalez-Perez and Lopez-Bigas 2012) have been 
generated within the community to prioritize, from the list of all 
mutated genes found in a tumor, which are likely to have an impact in 
the biology of the tumor. Together with the challenge of finding the 
mutations within tumor genomes, the distinction between driver and 
passenger variation events remains unsolved, being the frequency of 
certain events or mutated genes the most reliable criteria to infer 
association with the tumor. In other words, if a gene or any other 
functional region is recurrently found to be mutated in tumor 
genomes, it is then taken as potentially driving somehow the tumor.  
The final goal of this general strategy of analysis of tumor genomes is 
to translate all this knowledge into effective and specific clinical 








Identification of somatic mutations in cancer research 
 
An important challenge within cancer genomic studies is the 
identification of somatic mutations, to ultimately isolate the causal 
fraction that plays a role in the development or progression of the 
tumor. A large number of studies are based on incomplete analysis of 
genomic sequences: exome sequencing, point mutations, mutations 
affecting coding genes, etc. They have only uncovered the tip of the 
iceberg, leaving a large mutational space unexplored. A clear example 
can be observed in the largest international cancer genome 
consortium ICGC where the exome sequencing data represents one 
order of magnitude more than that coming from whole genome 
(Zhang et al. 2011). The easy access to exome sequencing compared 
with whole genome has limited most of our knowledge to the coding 
exons and, mostly to point mutations (Kandoth et al. 2013) (Ciriello et 
al. 2013) (Kan et al. 2010) (Alexandrov et al. 2013). Additionally, 
several methods to evaluate the biological impact of a somatic 
mutation affecting coding regions have also been developed 
(Gonzalez-Perez and Lopez-Bigas 2012) (Ng and Henikoff 2003) 
(Reva et al. 2011) (Carter et al. 2009). All this leaves an important 
fraction of causal mutations outside coding regions significantly less 
studied. Regulatory variation, as well as the variation associated to 
transposons, viruses, and with large chromosomal rearrangements is 
still largely unexplored due to the general limitations of methods to 
detect them, and only a limited number of examples exist (Puente et 
al. 2015) (Kulis et al. 2012) (Huang et al. 2013) (Akhtar-Zaidi et al. 
2012) (Herz et al. 2014).  
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The process of variant calling requires both, complex algorithms and 
efficient computational protocols to deal with massive amounts of 
sequences, making it a “big data” challenge (Puckelwartz et al. 2014; 
Eisenstein 2015; Marx 2015). Most of the available software to 
identify somatic mutations emerges from the adaptation of the 
methods originally developed to detect germline variation (Sudmant 
et al. 2015). For the past years, we have experienced an explosion of 
different methods for the identification of somatic mutations by 
comparing normal and tumor genomes. Before this thesis, all existing 
methods for somatic variant calling were based on the inspection of 
the reads aligned to the reference genome, i.e. from a BAM format. 
Each of these methods is usually restricted to the detection certain 
types of somatic variation (Cibulskis et al. 2013) (Rausch et al. 2012b) 
(Chen et al. 2009) (Ye et al. 2009) (Wang et al. 2011) (McKenna et al. 
2010). Some methods are designed to detect point mutations and 
small (of a few nucleotides) deletions or insertions, others are 
focused on small size indels (less than sequencing read size) and the 
least of them, on the detection of large structural variants (i.e. 
chromosomal rearrangements). Each of these tools has been usually 
developed in a different bioinformatics groups and, often, using 
different programming models and languages.  
All this makes that a comprehensive analysis of tumor genomes 
require the development of complex computational pipelines, gluing 
together many of these methods and adding extra filters to minimize 
the rate of false positive calls. These pipelines, which require the 
intervention of deep computing expertise, are not distributed within 
the community, leaving most of the small and medium groups with 
access to the sequencing of tumor genomes, with no possibilities of 
analyzing properly the data that they generate. Figure 10 represents 
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the filtering pipeline used by ICGC that must be applied to the 
sequencing data previous to the different variant calling methods. 
Novel approaches are trying to remove all these technical barriers 
and at the same time improve our capability to detect the most 
complex variants.  Different strategies have been developed in these 
direction, being the direct comparison of the sequenced reads and the 












Figure 10. Filtering process applied to sequenced data. Top line represents 
the different steps, for each file their current format is given (FastQ, SAM and 
BAM), at the bottom the different programs used for produce each file. This 
step graph represents the minimal 5 step filtering process currently applied 








Large structural rearrangements 
 
From all the different types of somatic sequence variation, those that 
constitute large chromosomal rearrangements are among the most 
challenging. The range of large structural variants (LSV) includes 
chromosomal translocations, but also copy number variants, mobile 
elements, insertions of non-human DNA, such as viruses, and other 
types.  
The study of LSVs becomes essential in the study of the cancer 
genome. All the possible functional alterations that these 
rearrangements can cause are many. For example, (i) the breakage of 
functional elements such as genes. The disruption of PTEN in prostate 
cancer is an example (Baca et al. 2013); (ii) The complete deletion of 
large genomic regions that including functional elements, such as the 
deletion of part of the 13q chromosome arm, identified as recurrent 
in leukemia, which involves specific microRNA genes. (Liu et al. 1995) 
(Smonskey et al. 2012) (Klein et al. 2010); (iii) The modification of the 
genomic context, for example  rearrangements that translocate 
regulatory regions close to other genes, resulting in the deregulation 
of the expression of specific genes (Affer et al. 2014); (iv) The 
generation of gene fusions are also the result of genomic 
translocations. This category includes the inactivation of gene 
transcription, the production of non-functional RNA that can interfere 
with the normal allele, or even the production of new genes as a 
combination of different functional domains that can be translated 
into a protein with a new and fatal functionality (Mitelman et al. 
2007); finally, (v) large structural variants can also produce large 
reorganizations of the chromosomes affecting the stability of the 
genome. When these LSVs occur several times within one single 
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catastrophic event we face, what we call, mainly chromothripsis or 
chromoplexy. (Korbel and Campbell 2013) (Rode et al. 2015) (Baca et 
al. 2013) (Shen 2013) (Rausch et al. 2012a). Differences between 
those processes are still vague and their causes are not completely 
well understood. 
In general, an aberrant event is considered chromothripsis when 
multiple (sometimes hundreds) of rearrangements occur within a 
restricted portion of the genome, involving one or two chromosome. 
Figure 11 represent a chromothripsis event in a paediatric 
medulloblastoma patient. In contrast, chromoplexy involves fewer 
LSVs and multiple chromosomes. Other marks such as the level of 
DNA gain and loss or the mutation of certain genes involved in DNA 
stability have been proposed as intermediates of these large 









Figure 11. Chromothripsis in paediatric medulloblastoma. Red lines 
represents the different translocations between chromosome 17 and 
chromosome 11, when those translocations affect a certain gene, it is 





Taken altogether, the recent advances in the technologies related to 
the production of biological data, primarily of DNA and RNA 
sequences, is complementing the research in biomedicine in an 
unprecedented way. The possibility of generating sequences from 
thousands of patients allows the addition of novel approaches into 
research, expanding the possibilities of finding the genetic and 
molecular basis of disease. The possibility of going from the genetics 
to the function using all the generated sequence data and the 
annotation of the genome, is quickly contributing to widen our 
understanding of disease in general, and of cancer in particular. 
But these advances entail important technical and conceptual 
challenges to a point that the capacities for the analysis of the genome 
and the accuracy of the annotation of functional elements in the 
genome become the bottleneck of this process and are not accessible 
for most of the biomedical groups. This thesis focuses on overcoming 
part of these limitations by contributing in three major aspects: (i) the 
development of novel methods for the identification of somatic 
mutations from tumor genomes; (ii) the generation of tools for the 
annotation of gene regulatory regions; and (iii) the application of 










I. To contribute to overcoming the limitations of the analysis of 
big data in genomics through the development of novel 
strategies and bioinformatics solutions for the massive 
analysis of whole genome sequences and the identification of 
somatic mutations in tumors. 
 
II. To identify and classify the somatic variation landscape in 
tumor genomes, focusing on the characterization of complex 
chromosomal rearrangements, as to their underlying 
mechanisms and potential functional impact.  
 
III. To contribute to the annotation of regulatory regions in 
genomes through the development of more efficient 
bioinformatics tools.  
 
IV. To combine the developed tools in order to identify and 
characterize the somatic variation of tumors with a potential 







List of publications and scientific contributions 
 
Santi has fulfilled his PhD contributing with up to four published 
studies, and a fifth one that is about to be sent for publication to 
Nature Communications. In general, the contribution of Santi to all his 
publications has covered, both the technical and the biological aspects 
of the studies. In addition, he has also coordinated other peoples 
work, particularly in the publications of ReLA and SMUFIN. In all the 
publications, Santi has followed and has contributed to answer the 
underlying biological questions, either directly or through 
discussions. The double background of Santi (biological and 
computational) has given Santi a broad vision of all the technical and 
biomedical points of each of the studies, allowing him to contribute, 
one way or another, in nearly all the aspects covered.  
  
First author publications 
 
Title: ReLA, a local alignment search tool for the identification of 
distal and proximal gene regulatory regions and their conserved 
transcription factor binding sites. 
Authors: Santi González*, Bàrbara Montserrat-Sentís*, Friman Sánchez, 
Montserrat Puiggròs, Enrique Blanco, Alex Ramirez, David Torrents. 
Journal: Bioinformatics 
Impact factor: 5.323 




This is the first publication, in which Santi took part in his first years 
in the group. This study was initially pushed by Barbara Montserrat, a 
postdoc in the group. Even though, Santi started with a secondary 
role, he soon took the lead of all the work, mostly when Barbara left 
the group. Santi was responsible of the generation of the ReLA code in 
collaboration with the department of computer science at the BSC. 
Santi generated all the examples and the biological information 
behind this study, as well as coordinated the generation of the web 
server associated to this publication. He also played a crucial role in 




Title: Comprehensive characterization of complex structural 
variations in cancer by directly comparing genome sequence reads. 
Authors: Valentí Moncunill*, Santi Gonzalez*, Sílvia Beà, Lise O 
Andrieux, Itziar Salaverria, Cristina Royo, Laura Martinez, Montserrat 
Puiggròs, Maia Segura-Wang, Adrian M Stütz, Alba Navarro, Romina 
Royo, Josep L Gelpí, Ivo G Gut, Carlos López-Otín, Modesto Orozco, Jan 
O Korbel, Elias Campo, Xose S Puente, David Torrents. 
Journal: Nature biotechnology 
Impact factor: 41.514 




Santi co-authored this publication with Valentí Montcunill, the 
software engineer responsible of writing the code of the SMUFIN 
software. Santi’s contribution to this work was crucial, as he 
coordinated, not only the details of the algorithm, but also all that had 
to do with the application of the program, i.e. the comparison with 
other methods and the experimental validation of the results 
obtained using in-silico and real tumor genomes. This task involved 
the collaborations with the Hospital Clinic and the EMBL, which were 
also coordinated at daily basis by Santi. Its role in this was not 
restricted to particular specific tasks, but also involved the 
coordination of other members of the group that performed 
particular subtasks. Finally, the contribution of Santi also extended to 
the general design of the manuscript.  
------------ 
 
Title: Deciphering the genomic architecture of IGH-ZFP36L1 fusion in 
mature B-cell lymphomas with del(14)(q24q32) reveals cooperating 
molecular mechanisms. 
Authors: I Nagel*, I Salaverria*, S Gonzalez*, B Rodríguez, G Clot, D 
Martin-García, I Vater, M Sczepanowski, A Navarro, C Royo, Judit 
Pinteño, JI Martin-Subero, W Klapper, J Richter, M Kreuz, M Ritgen, E 
Callet-Bauchu, MJ Calasanz, F Sole, E Schroers, M Kneba, Martin J.S. 
Dyer, Julio Delgado, A López-Guilllermo, XS Puente, C López-Otín, E 
Campo, D Torrents, S Beà, R Siebert. 
Journal: Not published. (The manuscript is his last stage of 




Impact factor: - 
Citations:  - 
Contribution: 
Santi co-authored this publication with Inga Nagel and Itziar 
Salaverria who perform the laboratory analysis, collection of clinical 
data and sequencing of whole genome and RNA. Santi is the 
responsible of coordinating all the contribution of the BSC within this 
publication. Whereas the specific analysis of isoforms was 
accomplished by Bernardo Rodriguez, Santi pushed and took care of 
all the other aspects of the BSC activity: interpretation of the 
rearrangements found in CLL genomes, identification of Translin 
motive as a potential mechanism of the deletion, and the analysis of 
gene expression. This last task also involved the mentoring of Judith 
Pinteño, a visiting undergraduate student in the group, which also 




Title: Unravelling the hidden DNA structural/physical code provides 
novel insights on promoter location. 
Authors: Elisa Durán, Sarah Djebali, Santi González, Oscar Flores, 
Josep Maria Mercader, Roderic Guigó, David Torrents, Montserrat 
Soler-López, Modesto Orozco. 
Journal: Nucleic acids research. 





Santi’s contribution to this study involved the analysis of the 
regulatory potential of candidate regions identified by the ProStar 
method. This involved in the comparison of thousands of regions with 
the annotation of regulatory regions found in UCSC.  
------------ 
 
Title: Non-coding recurrent mutations in chronic lymphocytic 
leukaemia. 
Authors: Xose S Puente, Silvia Beà, Rafael Valdés-Mas, Neus Villamor, 
Jesús Gutiérrez-Abril, José I Martín-Subero, Marta Munar, Carlota 
Rubio-Pérez, Pedro Jares, Marta Aymerich, Tycho Baumann, Renée 
Beekman, Laura Belver, Anna Carrio, Giancarlo Castellano, Guillem 
Clot, Enrique Colado, Dolors Colomer, Dolors Costa, Julio Delgado, 
Anna Enjuanes, Xavier Estivill, Adolfo A Ferrando, Josep L Gelpí, 
Blanca González, Santiago González, Marcos González, Marta Gut, 
Jesús M Hernández-Rivas, Mónica López-Guerra, David Martín-García, 
Alba Navarro, Pilar Nicolás, Modesto Orozco, Ángel R Payer, Magda 
Pinyol, David G Pisano, Diana A Puente, Ana C Queirós, Víctor 
Quesada, Carlos M Romeo-Casabona, Cristina Royo, Romina Royo, 
María Rozman, Nuria Russiñol, Itziar Salaverría, Kostas 
Stamatopoulos, Hendrik G Stunnenberg, David Tamborero, María J 
Terol, Alfonso Valencia, Nuria López-Bigas, David Torrents, Ivo Gut, 




Impact factor: 41.456 
Citations: 5 
Contribution: 
Santi contributed to this study by coordinating and performing the 
analysis of 150 whole CLL genomes with SMUFIN. Santi generated 
and interpreted all the results of structural variation found in these 
genomes with the help of Marta Munar, which was under the 
supervision of Santi. A major tasks accomplished by santi was the 
coordination of the reconstructions of complex karyotypes observed 
within these tumors. This work led to the identification of 
chromotriptic and chromoplectic rearrangement events observed in 













Comprehensive characterization of complex structural variations in 



































































































ReLA, a local alignment search tool for the identification of distal and 
proximal gene regulatory regions and their conserved transcription 



















































Unravelling the hidden DNA structural/physical code provides novel 




















































Deciphering the genomic architecture of IGH-ZFP36L1 fusion in 








Deciphering the genomic architecture of IGH-ZFP36L1 fusion in 
mature B-cell lymphomas with del(14)(q24q32) reveals 
cooperating molecular mechanisms 
 
I Nagel*§1, I Salaverria*2, S Gonzalez*3, B Rodríguez3, G Clot2, D Martin-
García2, I Vater1, M Sczepanowski4, A Navarro2, C Royo2, Judit 
Pinteño3, JI Martin-Subero1,2, W Klapper4, J Richter1, M Kreuz5, M 
Ritgen6, E Callet-Bauchu7, MJ Calasanz8, F Sole9, E Schroers10, M 
Kneba6, Martin J.S. Dyer11, Julio Delgado2, A López-Guilllermo2, XS 
Puente12, C López-Otín12, E Campo2, D Torrents#3, S Beà#2, R Siebert#1 
 
1Institute of Human Genetics, Christian-Albrechts-University Kiel & 
University Hospital Schleswig-Holstein, Campus Kiel, Kiel, Germany 
2Hematopathology Unit, Hospital Clínic, 
Institutd'InvestigacionsBiomèdiques August Pi Sunyer (IDIBAPS), Barcelona, 
Spain 
3Programa Conjunto de Biología Computacional, Barcelona Supercomputing 
Center (BSC), Institut de Recerca Biomèdica (IRB), Spanish National 
Bioinformatics Institute, Universitat de Barcelona, Barcelona, Spain 
4Institute of Pathology, Hematopathology Section and Lymph Node Registry, 
University Hospital of Schleswig-Holstein, Campus Kiel, Kiel, Germany 
5Institut für Medizinische Informatik, Statistik und Epidemiologie, Leipzig, 
Germany 
6Second Department of Medicine, University Hospital of Schleswig-Holstein, 
Campus Kiel, Kiel, Germany 
7Centre Hospitalier Lyon-Sud - Laboratoired'Hématologie, CH Lyon Sud, 
Lyon, France 
8Department of Genetics, University of Navarra, Pamplona, Spain 
9MDS Research Group, Institut de Recerca Contra la Leucèmia Josep 
Carreras, ICO-Hospital Germans Trias i Pujol, Universitat Autònoma de 
Barcelona, Badalona, Spain 
10MVZ Dortmund, Dr. Eberhard und Partner, Cytogenetik, Dortmund, 
Germany 
11Ernest and Helen Scott Haematological Research Institute and Department 
of Cancer Studies and Molecular Medicine, University of Leicester, UK  
12Departamento de Bioquímica y Biología Molecular, Instituto Universitario 







§present address: Institute of Experimental and Clinical Pharmacology, 
Christian-Albrechts-University Kiel & University Hospital Schleswig-
Holstein, Campus Kiel, Kiel, Germany 
 
Most mature B-cell lymphoid neoplasms are associated with specific 
immunoglobulin chromosomal translocations, whereas comparable 
rearrangements in chronic lymphocytic leukemia (CLL) detected by 
conventional cytogenetics are rare and mainly involve BCL2, BCL3, 
and BCL11A oncogenes albeit at low frequency1. Recently, two large 
studies of whole-genome sequencing (WGS) of CLL cases2, 3 reported 
data on structural variants of 148 and 30 cases, respectively. The only 
recurrent rearrangements involved BCL2 with inmunoglobulin (IG) 
genes as well as 13q14 rearrangements with different partners. 
Additionally, other non-recurrent rearrangements with IG genes and 
different chimeric genes were detected. Noteworthy, in both studies 
one of the most rearranged chromosomes was chromosome 14, 
mainly involving losses of different sizes. 
 B-cell malignancies, mainly CLL/small lymphocytic leukemia 
(SLL) carrying del(14)(q24q32) deletions have been described in the 
literature and the presence of 14q deletions in these cases was 
related with shorter treatment-free survival time, NOTCH1-mutations 
and trisomy 124-7. Deletion del(14)(q24q32) occurs in around 2% of 
CLL6, 8 being rare compared to the most common cytogenetic 
aberrations in this malignancy as 13q14-deletion (57%), trisomy 12 
(14%), 11q-deletion (12%) and 17-pdeletion (7%)2, 9. Notably, the 
incidence of 13q14-deletions is only 15% in 14q-deleted CLL/SLL7 
and the reason why 14q24-q32 and 13q14 deletions seem to be 
mutually exclusive is still unknown. 
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 Most of the molecular breakpoints of 14q deletion have been 
shown to cluster in a region around the ZFP36L1 gene in the 14q24 
chromosomal band and within the immunoglobulin heavy chain (IGH) 
locus in 14q327. However, the exact breakpoints of the 
del(14)(q24q32) aberration, as well as the biological consequences of 
the deletion have not been yet described. The involvement of the IGH-
locus, known as oncogene activator10 and the clustering of 
breakpoints in 14q24 led to the hypothesis that the identified 
del(14)(q24q32) might activate an oncogene in 14q24 through 
juxtaposition to the IGH enhancer. Nevertheless, Pospisilova et al.5 
and Cosson et al.7 failed to show an upregulation of ZFP36L1 or the 
RAD51B gene, which is located centromeric to ZFP36L1. An 
alternative hypothesis was an inactivation of putative tumor 
suppressor gene/s in the deleted region del(14)(q24q32). In fact, 
biallelic inactivation of the TRAF3 gene in chromosomal region 14q32 
has been shown in 9/41 (22%) B-cell neoplasms with deletion 
del(14)(q24q32)11.  
 In the present study, we have analyzed a total of 52 mature B-
cell malignancies, mainly CLL, with 14q-deletion/ZFP36L1-IGH fusion 
by high-throughput genetic and transcriptomic sequencing, cloning or 
fine-mapping of genomic breakpoints and we have identified fusion-
transcripts of this aberration. Moreover, we have comprehensively 
characterized the secondary aberrations, gene expression profile 







Identification of del(14)(q24q32)-positive B-cell lymphoma by 
SNP6.0 array, cytogenetics and fluorescence in situ hybridization 
(FISH) analysis. Cases included in the study are summarized in 
Supplementary Fig. 1. SNP6.0 array analysis depicted seven CLL 
carrying a deletion 14q24.1-q32.33 (cohort 1) out of 637 CLL/SLL 
cases. In five cases, centromeric breakpoint mapped within ZFP36L1 
gene whereas in two cases (cases 382 and 793) breakpoints were 
located 5' of the gene. In all seven cases telomeric breakpoint mapped 
to the IGH locus (Fig. 1a, Supplementary Fig. 2a). The global profile of 
copy number alterations (CNA) showed additional aberrations in all 
cases except one (case 1431) (Fig. 1b, Supplementary Fig. 2b, 
Supplementary Table 1). Screening of an additional subset of 98 
lymphoma and leukemia cases harboring a cytogenetic 14q2 
aberration or a loss of the proximal IGH signal by FISH revealed 45 
cases (cohort 2) carrying a 14q-deletion with centromeric breakpoint 
within the ZFP36L1 gene region and telomeric breakpoint within the 
IGH locus (Supplementary Fig. 3 and 4). CLL was the prevalent 
diagnosis in these cases (30/45; 67%) (SupplementaryTable 2). 
Mapping of genomic ZFP36L1-IGH fusion breakpoints using 
whole-genome sequencing (WGS), Sanger sequencing, and custom 
array-comparative genomic hybridization (aCGH). Available WGS data 
from four cases of cohort 12 were reanalyzed for structural variants 
using SMUFIN12 (Supplementary Table 3). Concordant with SNP6.0 
data, the four cases presented the recurrent 37 Mb deletion (from 
69 Mb to 106 Mb, Build GRCh37/hg19) in chromosome 14, which 
connects the ZFP36L1 gene with the IGH gene (Fig. 1b-c, Fig. 2a). Fine-
mapping of the chromosomal breakpoints in 14q24 was performed by 
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FISH in six cases from cohort 2 (Supplementary Fig. 5). The FISH 
pattern suggested recurrent involvement of the ZFP36L1 gene region. 
Based on these findings and the knowledge about IGH involvement in 
45 of the cases with deletion del(14)(q24q32), long distance (LD)-
PCR was performed on 34 cases with available genomic DNA. By this 
strategy, deletion junctions could be amplified and sequenced in 17 
cases, confirming the genomic fusion of ZFP36L1 and IGH loci 
(Supplementary Table 4).  
 With the detailed analysis of both series, cohort 1 (4 cases, 
fusion positive by WGS) and cohort 2 (17 cases, fusion positive by 
long distance LD-PCR) we could determine the exact coordinates of 
the 14q deletion for 21 patients (coordinates between 
chr14:69256850 and chr14:69259241, Build GRCh37/hg19). All 
centromeric breakpoints were within the ZFP36L1 gene in a 2.4 kb 
genomic window, 15 cases within the sole intron and six at the 
beginning of the second exon of the gene (Fig. 1c). The telomeric 
breakpoints affected different IGH segments (coordinates between 
chr14:106212409 and chr14:106329876, Build GRCh37/hg19). All 
IGH breakpoints clustered into the constant region, predominantly 
switch µ (16 cases) with the exception of case 3 showing a breakpoint 
affecting the J region. Two breaks arose in a switch γ1 and two breaks 
in a switch γ3 segment (Supplementary Table 4). 
 In 16 cases from cohort 2 in which LD-PCR approach was not 
successful, we mapped the breakpoints by high-resolution custom 
aCGH for chromosomal region 14q24 (Supplementary Table 5). Again, 
all breakpoints were located within the ZFP36L1 gene, 14 within the 
intron and two within the second exon of ZFP36L1 (Fig. 1c). Finally, 
FISH was performed using probes for the centromeric part of the 
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14q24 breakpoint region and the IGH locus in cases with no 
amplification by LD-PCR. Signal patterns indicating ZFP36L1-IGH 
could be demonstrated in all 28 analyzed cases in which amplification 
of junctional fragments by LD-PCR failed or with lack of available DNA 
(Supplementary Fig. 6). In two of the three cases from cohort 1 with 
no WGS available, ZFP36L1-IGH fusion could also be detected by FISH. 
In the remaining case (813) there was no suitable material left for 
FISH. 
 In total, we could demonstrate a genomic fusion of IGH and 
ZFP36L1 in 37 cases using WGS, LD-PCR, custom aCGH and FISH 
analysis. The 37 Mb deletion leads to a loss of the first exon and the 
upstream cis-regulatory region of ZFP36L1, a gene encoding for the 
AU-rich element (ARE)-binding protein that triggers the degradation 
of several mRNAs. 
Identification of chimeric ZFP36L1-IGH transcripts. We searched 
for the presence of chimeric ZFP36L1-IGH mRNAs. The RNAseq data 
of patients 802, 1169 and 1191 (cohort 1) revealed the existence of 
potentially coding fusion mRNAs in all three cases (Fig. 2a). For each 
of these patients, the second exon of ZFP36L1 was involved in the 
chimeric transcripts, whereas the IGH-part varied in the 5’ end, in 
agreement with the rearrangements observed at genomic level. The 
predicted longest open reading frame (ORF) contained most of the 
reading frame described for the ZFP36L1 mRNA. In the 10 cases of 
cohort 2 with available RNA the search for the presence of ZFP36L1-
IGH fusion transcripts was based on the knowledge about published 
IGH-oncogene fusion transcripts. In those cases, the transcripts 
frequently initiate from the non-translatable I exons of IGH germline 
transcripts, e.g. Iµ upstream of IGHM13-15. Indeed, using a reverse 
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transcription (RT)-PCR approach with primers targeting Iµ and 
ZFP36L1 led to the amplification of fusion transcripts in 5 out of 10 
cases. In two cases (cases 4 and 11), in which the genomic 
breakpoints were within the ZFP36L1 intron, a fusion between the 
Iµ exon and ZFP36L1 exon 2 was detected, indicating usage of the 
regular splice sites. Similarly to cohort 1, the predicted longest ORF 
contained most of the coding sequence of ZFP36L1 mRNA. In three 
cases with genomic breakpoints within the ZFP36L1 exon 2 (cases 13, 
15 and 17), the Iµ exon fused with the 3’-terminal region of this exon 
using an alternative acceptor splice site at genomic position 
chr14:69256386; Build GRCh37/hg19 (Fig. 2a, Supplementary Table 
6).  
 In order to assess the potential transcriptional effect of the 
ZFP36L1-IGH fusion on the chimeric mRNAs, we analyzed the RNA-
seq data of samples 802, 1169, and 1191 from cohort 1 and compared 
the levels of expression that could be unambiguously assigned to 
either the rearranged allele or the wild type allele (Supplementary 
Results). In all three cases we detected a fraction of reads (between 
22 and 39%) covering the fused mRNA region compared to the 
normal ZFP36L1 mRNA (Fig. 2b). Furthermore, the reconstruction of 
the chimeric mRNAs in cases 802 and 1191 using read-clustering and 
paired-end information predicted the existence of different ZFP36L1-
IGH isoforms derived either from the use of different transcription 
start sites, or from alternative forms of splicing. The read count could 
be specifically assigned to each of the isoforms detected in these two 
cases and demonstrated the presence of one form clearly 
predominant over the other mRNA species. In particular, case 802 
showed two isoforms, one representing 90% of all ZFP36L1-IGH 
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expression. In case 1191 we detected three isoforms with relative 
abundances of 65, 22 and 13% (Fig. 2b). 
 Finally, in five out of eight cases with del(14)(q24q32) with 
detected ZFP36L1-IGH fusion transcripts (cases 802, 1191 and 1169 
from cohort 1 and patients 4 and 11 from cohort 2) we identified 
chimeric mRNA forms with the potential to encode for a 316-385 
amino acid (aa) truncated ZFP36L1 protein. These proteins lack 19-
22aa compared to the wildtype ZFP36L1 protein and, thereby, harbor 
a truncated TIS11B domain. Interestingly, the physiological function 
of TIS11B domain is to recruit mRNA decay enzymes16 (Fig. 2b). The 
two zinc finger domains of ZFP36L1 would remain intact. The 
isoforms detected involve different IGH gene fragments fused with 
part of the ZFP36L1 mRNA. The IGH parts involved in these chimeric 
mRNAs would probably have a minor contribution to the coding 
potential, adding a maximum of 69 aa (isoform 2 of case 802). In the 
three cases with Iµ-fusion to the 3' terminal region of ZFP36L1 a 
potential chimeric protein would consist of 18 aa from Iµ and 44 aa 
from ZFP36L1.   
Aberrations accompanying del(14)(q24q32). In both cohorts with 
14q-deletion affecting IGH and ZFP36L1 additional genetic 
aberrations were identified using several methods (Supplementary 
Table 2 and Table 7). The six patients with either WGS or WES were 
screened for the presence of somatic mutations2. Overall, the mean 
number of somatic mutations in coding regions was 29 (range 14-43) 
(Supplementary Table 2). The only recurrently mutated gene in the 
14q deleted region was TRAF3 in two cases. NOTCH1, CHD2, TYR, 
PHYHIPL, MKLN1, and GALNTL2 were also found to be mutated in two 
cases each affecting chromosomal regions outside the 14q-deleted 
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region (Fig. 1b). Notably, the remaining allele of ZFP36L1 was not 
mutated in any case analyzed. In cohort 2, NOTCH1 exon 34 (n = 27), 
ZFP36L1 (n = 24) and TRAF3 (n = 30) were analyzed by Sanger 
sequencing. NOTCH1 was mutated in eight cases (30%) (7 out of 24 
(29%) CLL) (Supplementary Tables 2 and 7). ZFP36L1 was mutated in 
one CLL (case 7), showing a deletion of twelve bp within the second 
exon of ZFP36L1 (c.779_781del12) (Supplementary Fig. 7). In three 
cases of cohort 2 (10%) we identified TRAF3 mutations by direct 
sequencing. As alternative mechanism for TRAF3 inactivation we 
detected homozygous deletion of TRAF3 in 6 out of 42 (14%) cases of 
cohort 2 using FISH analysis 11. Overall, 12/35 (34%) and 5/38 (13%) 
cases with ZFP36L1-IGH fusion have NOTCH1 (activating mutation) 
and TRAF3 (biallelic inactivation) alterations, respectively 
(Supplementary Fig. 7). 
 Because all seven cases of cohort 1 and most of the cases of 
cohort 2 have a CLL diagnosis we determined the incidence of CLL 
typical aberrations (13q14-deletion (13q-del), trisomy 12 (Tri12), 
11q-deletion (11q-del) and TP53 deletion (TP53-del) by SNP6.0, FISH 
and cytogenetics in cohort 1 and FISH and cytogenetics in cohort 2. 
Results and applied technologies are shown in Supplementary Table 
2. Trisomy 12 was enriched in ZFP36L1-IGH CLLs compared to CLL: 
5/7 (71.4%) in cohort 1 and 13/33 (39.4%) CLLs in cohort 2 
compared to 63/444 (14.2%) (P<0.001) considering the ICGC CLL 
series. Conversely, 13q-del is depleted in ZFP36L1-IGH CLLs 
compared to 14q-wild type CLL: 2/7 (28.6%) in cohort 1 and 3/33 
(9.1%) in cohort 2 compared to 220/444 (49.6%) (P<0.001) 
considering the ICGC CLL series. 
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Translin motif enrichment in ZFP36L1-IGH fusion cases. We 
explored the possible underlying mechanism for the generation of the 
interstitial 14q deletion. First, we searched for short microhomologies 
around the breakpoints, but could not detect them. Next, we searched 
for recurrent sequence motifs around the junction breakpoints and 
identified  a single 13 bp motif significantly enriched within 200 bp 
windows around the breakpoints (p = 0.000005, see “Methods”) in 
both genes (ZFP36L1 and IGH) compared to the genomic background 
significantly enriched within 200 bp windows around. This 13 bp 
motif matches with the sequence GCCC[A/T][G/C][G/C] known to be 
recognized by the DNA-binding Translin protein (Fig. 2c), which has 
been previously pointed as a potential mediator in the fusion of IGH 
genes and the BCL1 (CCND1), BCL2, BCL6, IL3 and MYC genes 17, 18. 
Deregulated gene expression in cases with ZFP36L1-IGH fusion. 
To identify candidate genes potentially deregulated through the 
ZFP36L1-IGH fusion, we compared the ZFP36L1-IGH fusion cases vs all 
14q-wild type CLL, and found a total of 571 differentially expressed 
probe sets (405 up-regulated and 166 down-regulated) 
(Supplementary Table 8). Of note, 63% of the down-regulated probe 
sets belong to 51 genes located in the commonly deleted region of 
chromosome 14 (Supplementary Table 9; Fig. 2d). Only, eight genes 
located in 14q were up-regulated, among them RAD51B and ZFP36L1, 
the nearest genes to the fusion breakpoint in chromosomal region 
14q24 (Fig. 2d). However, in the ZFP36L1-IGH cases of cohort 2 a 
significant up-regulation of RAD51B or ZFP36L1 could not be 
observed using quantitative RT-PCR in eight ZFP36L1-IGH cases, 
compared to four CLLs without 14q-aberration (Supplementary Fig. 
8). Differential gene expression analysis in 14q-deleted CLL cases 
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without ZFP36L1-IGH fusion (n = 6) is presented in Supplementary 
Results and Supplementary Fig. 9). 
 Next, we performed differential expression analysis from 
RNA-seq data from three ZFP36L1-IGH cases (cohort 1) compared to 
cases with no chromosome 14 deletion. In the three ZFP36L1-IGH 
cases we found 90/460 (19%) of the total downregulated genes 
correspond to genes of chromosome 14. Of note, 81 out of 90 genes 
(90%) were within the 14q deleted region (Supplementary Table 10). 
Overall, these results suggest that the deletion itself seems to be the 
main consequence of most of the downregulation observed. Forty-
seven genes located in the minimal deleted region were found 
commonly downregulated by both microarray and RNA-seq analysis.  
 In a pathway enrichment analysis using the deregulated genes 
(excluding the genes affected by the deletion) we found a five-fold 
enrichment on mRNA processing gene ontology (GO) biological 
processes, related with ZFP36L1 function as transcriptional regulator 
at mRNA level19-21 (Supplementary Table 11). Finally, we also 
explored deregulation of the ZFP36L1 targets according to Zekavati et 
al. publication19. Only 3 out of the 69 genes were significantly 
deregulated (SSX2IP, LSM11 downregulated and RAD1 upregulated). 
Clinical characteristics of ZFP36L1-IGH cases. The seven CLL 
patients with the ZFP36L1-IGH fusion from cohort 1 had a median age 
of 62 years (range 44-85 years), were mainly female (71%), and 
present with Binet Stage A (71%) and B (29%), but none was in stage 
C. IGHV was unmutated in all cases except one. Only one of the 
patients had died, and all of them had been treated, five cases had a 
complete response whereas in two cases the response could not be 
assessed. CLL patients with ZFP36L1-IGH fusion had significantly 
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shorter time to first treatment (TTT) than patients without that 
fusion (P< 0.001; Hazard Ratio [HR] = 4.52; 95% Confidence Interval 
[CI] 2.00-10.24). Interestingly, CLL patients with 14q24 loss but no 
ZFP36L1-IGH fusion have also a significantly shorter TTT than 
patients with no alterations in chromosome 14, similar to cases 
carrying ZFP36L1-IGH fusion (P = 0.64; HR = 1.33; 95% CI 0.43-4.16) 
(Supplementary Fig. 10). In the 33 CLL from cohort 2, the median age 
at diagnosis was 64 years (range 47-82 years) with a slight male 
predominance (55%), and IGHV was unmutated in 76% CLL patients. 
Since these patients were derived from multiple institutions with 




 Deletions in the long arm of chromosome 14 are recurrent 
events in B-cell malignancies, especially in CLL5-7. This study 
describes a global genetic characterization of mainly CLL cases with 
14q deletions focusing on cases with breakpoints in the ZFP36L1 
region (14q24) and the IGH locus (14q32). Using several 
experimental and computational techniques we have molecularly 
characterized a deletion of 37 Mb within the long arm of chromosome 
14 in 37 CLL patients and twelve other B-cell lymphomas. Through 
independent approaches, such as LD-PCR and the analysis of WGS 
using SMUFIN algorithm12, the exact coordinates of the ZFP36L1-IGH 
fusion for 18 CLL as well as three other B-cell lymphomas were 
determined. The resulting 37 Mb deletion in these cases brings 
together different parts of IGH with the ZFP36L1 gene, which has lost 
its first exon as well as any upstream cis-regulatory region. 
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Additionally, SNP6.0, custom array and FISH analysis fine-mapped the 
deletion breakpoints in 14q24 in 14 CLLs and five B-cell lymphomas 
with deletion ZFP36L1-IGH. Taken together, 29 of the breakpoints are 
located in the intron and nine in the second exon of the two exons-
comprising ZFP36L1 gene. 
The recurrent occurrence of 14q-deletion breakpoints in the 
ZFP36L1 gene region in 14q24 has been described by other groups 
without determining the exact breakpoint position by sequencing5-7. 
Even though 14q-deletions with breakpoints centromeric and 
telomeric of the ZFP36L1 region are described in mature B-cell 
neoplasms, the clustering of the centromeric breakpoints in the 
ZFP36L1 gene region in 57-62% of the 14q-deletion cases is 
remarkable6, 7. The clustering of the breakpoints in the ZFP36L1 gene 
could be due to either the presence of sequence motifs in the affected 
chromosomal region or to biological mechanisms that lead to a gain of 
the cells fitness. Notably, by translocation-capture sequencing in mice 
it has been shown that the ZFP36L1 gene belongs to the 83 genes with 
activation induced cytidine deaminase (AID) dependent hotspots for 
translocations22. Furthermore, ChIP-Seq using anti-AID antibodies 
revealed that AID associates with ZFP36L1 in human B-lymphocytes23.  
The susceptibility of ZFP36L1 for AID may also be due to the fact that 
in diffuse large B-cell lymphoma ZFP36L1 is among the 44 targets of 
somatic hypermutation, a process initiated by AID24. Given that AID is 
absolutely required for class switch recombination (CSR) and the 20 
out of the 21 sequenced del(14)(q24q32) breakpoints in our study 
are located within the switch regions of IGH, one might assume that 
the underlying mechanism of the del(14)(q24q32) could be an 
illegitimate CSR.  
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 Interestingly, the precise fine-mapping of the breakpoints 
allowed us to detect consensus recognition motifs of translin around 
the breakpoints in the 17 cases tested. Translin is a single-stranded 
DNA and RNA binding protein suggested to be involved in 
chromosomal translocations, telomeres, mRNA transport and 
translation18, 25-27. Translin and Translin-associated factor X (TRAX) 
have a high homology and act together mediating several crucial 
biological processes, such as chromosomal translocations, regulation 
of genome stability28-30 and telomere metabolism25. Initially, Translin 
was isolated as a protein that binds to a consensus motif in the 
breakpoints of 91 lymphoid malignancies, comprising  16 different 
tumor types, involving IGH (with MYC, CCND1, BCL2, BCL6, IL3, etc.), 
or TCR (with TAL1, TCL3,  TTG2, TAN1 etc.), as well as different fusion 
genes (BCR/ABL, HLF/E2F)18. Moreover, translin motifs have also 
been found in solid tumors such as liposarcomas with the 
t(12;16)(q13;p11)31, and alveolar rhabdomyosarcoma with the 
t(2;13)(q35;q14)32. 
 Biologically the ZFP36L1 gene encodes for the ZFP36L1 
protein which is a member of the TIS11 family of early response 
genes. ZFP36L1 has been shown to mediate decay of AU-rich element 
mRNAs (ARE-mRNAs) encoding proteins involved in proliferation 
and apoptosis like BCL2, API2 (Apoptose inhibitor 2), BLIMP1, 
CDKN1A (p21) and NOTCH119, 33-35. This occurs by binding of 
ZFP36L1 to AU-rich elements (ARE) in the 3’ untranslated region of 
the target-mRNAs, mediating its accumulation in processing (P-
)bodies, sites of mRNA decay, as well as their decay itself. A role of 
ZFP36L1 as tumor suppressor is postulated, given that it is required 
for Rituximab-mediated apoptosis of CLL cells21 and expression of 
ZFP36L1 increases after induction of anti-CD20 and B-cell receptor-
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mediated apoptosis in B-cell lymphoma cell lines36. Moreover, 
Rapamycin, an inhibitor of mTOR, has a reduced ability to suppress 
the senescence-associated secretory phenotype (SASP) in cells lacking 
ZFP36L137. A dominant negative effect through truncation of the 
ZFP36L1 protein as a result of the ZFP36L1-IGH fusion is conceivable 
as it is composed of different domains mediating either the decay (N-
terminal domain), the ARE-mRNA-binding (zinc finger domains) or 
the transport of the ARE-mRNAs to P-bodies (C-terminal domain). 
The detection of ZFP36L1-IGH fusion transcripts with truncated 
ZFP36L1 supports this hypothesis, whereas the fact that in three cases 
with breakpoint within the second exon of ZFP36L1 the detected 
fusion transcripts might merely encode for 44 amino acids makes it 
questionable. Moreover, RNA-seq showed that the predominant 
expressed ZFP36L1 transcript in CLL with ZFP36L1-IGH was the non-
rearranged wildtype allele. However, additional facts argue for a role 
of ZFP36L1 in CLL with ZFP36L1-IGH. It is remarkable that in general 
more than half of CLL patients show 13q14-deletions by FISH9, but in 
the CLL with ZFP36L1-IGH described herein only in 12% of the cases 
13q14 deletions have been detected. The genes in the 13q14 minimal 
deleted region are the miRNAs miR-15 and miR-16, which are known 
to be involved in mRNA-decay, particularly in AU-rich element 
mediated mRNA decay38. It has been shown that miR-16 requires the 
presence of ZFP36 (another TIS11 familiy member) and ZFP36L1 in 
order to bind to ARE-containing mRNA39. Deletion 13q14 and 
ZFP36L1-IGH might represent alternative mechanisms for the 
inhibition of ARE-mediated mRNA decay. In contrast to 13q14 
deletions, which are significantly underrepresented in CLL with 
ZFP36L1-IGH, Cosson et al.7 and our results have shown that NOTCH1 
mutations are enriched in CLL with del(14)(q24q32) (47% and 29%, 
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respectively) compared to CLL in general (12%)2. Interestingly, 
NOTCH1 mRNA is a target of ZFP36L135. The effect of the gain-of 
function mutation of NOTCH1 might be enhanced by a putative 
stabilizing effect of a truncated ZFP36L1 protein in ZFP36L1-IGH 
cases. However, a significant deregulation of the ZFP36L1 targets 
according to Zekavati et al.19 in ZFP36L1-IGH CLL compared to CLL 
without 14q-aberration could not be stated based on RNA-seq data, 
but the differentially expressed genes were enriched on genes related 
with RNA and mRNA processing. 
 Interestingly, most genes located in the 14q deleted region in 
ZPF36L1-IGH CLL cases were clearly downregulated, whereas 
ZFP36L1 and RAD51B, the nearest non-truncated genes centromeric 
to the 14q24-breakpoint,were significantly overexpressed. A 
significant upregulation of ZFP36L1 and RAD51B in ZFP36L1-IGH CLL 
compared to CLL without 14q-aberration has not been seen in Cohort 
2 of the present study neither in the studies of Cosson et al. and 
Pospisilova et al.5, 7. This might be due to contamination of non-B-cells 
in the latter as they have not been sorted for B-cells. RAD51B protein 
is as a member of the RAD51 family involved in the repair of double 
strand breaks by homologous recombination40. In tumors like breast 
or pancreatic cancer these proteins have been shown to be down 
regulated due to deletion or truncation as well as upregulated by e.g. 
amplification of the gene41, 42. The close proximity of the strong IGH 
enhancers to the RAD51B locus through ZFP36L1-IGH fusion could 
result in overexpression of RAD51B. Given that the genes in the 
deleted region del(14)(q24q32) are downregulated, the biological 
consequence of the del14q/ZFP36L1-IGH might be an inactivation of a 
tumor suppressor. Indeed, mutations in the remaining allele of TRAF3 
in chromosomal region 14q32 have been identified in 9/41 (22%) 
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ZFP36L1-IGH cases from Cohort 211 and confirmed in two out of six 
cases from Cohort 1. In some of the cases the biallelic inactivation of 
TRAF3 was present in small sub clones arguing for a secondary event 
in tumorigenesis. 
 Similar to previous studies, the ZFP36L1-IGH fusion CLL 
presented herein are associated with Tri12 and unmutated IGHV5-7. 
Clinically, CLL cases with ZFP36L1-IGH as well as CLL with 14q-
deletion with different breakpoints showed shorter TTT. All patients 
needed treatment, and most achieved complete response.  
 In summary, our data have shown that the recurrent deletion 
del(14)(q24q32) with breakpoints within ZFP36L1 and IGH occurring 
predominantly in CLL lead to ZFP36L1-Iµ-fusion transcripts, reduced 
expression of the genes in the deleted region and overexpression of 
ZFP36L1 and RAD51B. Moreover, by cloning 17 ZFP36L1-IGH 
breakpoints, consensus recognition motifs of translin around the 
breakpoints have been identified giving a hint to an underlying 
mechanism behind the ZFP36L1-IGH fusion. The biological 
consequence of this recurrent deletion might be a truncated 
ZFP36L1-protein that reduces AU-rich element mediated decay, 
overexpression of RAD51B, and inactivation of tumor suppressors in 









Patients and samples. Cohort 1: From 637 cases of the CLL - 
International Cancer Genome Consortium (ICGC) analyzed by SNP6.0 
arrays, fifteen cases (2.4%) displayed 14q deletions (Supplementary 
Fig. 1A). Seven of them, diagnosed as CLL or SLL carrying breakpoints 
at 14q24 and 14q32 involving ZFP36L1 and IGH genes, were selected 
as cohort 12, 43. Patient characteristics are described in Supplementary 
Table 2. Two additional patients with a similar pattern of 
chromosome 14q deletion (498 and 1193) were not included in the 
analysis due to the lack of WGS or cytogenetic material to validate the 
exact breakpoints. Whole-genome sequencing (WGS) and whole-
exome sequencing (WES) data were available from six of the seven 
cases (WGS for cases 802, 1169, 1191 and 1431, and WES for cases 
382, 802, 813, 1169) (Supplementary Table 2-3)2. The tumor samples 
were obtained before administration of any treatment. All patients 
gave informed consent for their participation in the study following 
the ICGC guidelines44. Sequencing, expression and genotyping array 
data have been deposited at the European Genome-Phenome Archive 
(EGA, https://www.ebi.ac.uk/ega/), which is hosted at the 
European Bioinformatics Institute (EBI), under accession number 
EGAS00000000092. All patients from cohort 1 gave informed consent 
according to International Cancer Genome Consortium (ICGC) 
guidelines and ethics policy committee44.  
 Cohort 2: B-cell malignancies with cytogenetically identified 
translocations, deletions or additions of material of unknown origin in 
which chromosomal region 14q2 was affected (n = 73) were selected 
from the cytogenetic databases of the laboratories involved in the 
present study. The aberrations were detected by conventional G- or 
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R-banding chromosomal analysis performed according to routine 
methods in each of the institutions. Twenty-five B-cell neoplasms 
with available cytogenetic pellets harboring a specific FISH-pattern 
(loss of the proximal signal by using the LSI IGH Dual Color, Break 
Apart-probe (Abbott/Vysis)) but lacking a clonally aberrant 
karyotype were also included in the screening-cohort. Supplementary 
Fig. 3 illustrates the selection of cases for cohort 2. Characteristics of 
the 45 cases with FISH-proven break in the ZFP36L1- and IGH-gene 
regions that make up cohort 2 are listed in Supplementary Table 2. All 
cases analyzed and techniques applied are provided in 
Supplementary Fig. 1 and Table 2). 
Copy number arrays. SNP-array experiments on cohort 1 were 
outsorced at CeGen (www.cegen.org). Nexus version 7.5 Discovery 
Edition software (Biodiscovery, El Segundo, CA) was used for global 
analysis and visualization of results. Array CGH on cohort 2 was 
performed using the Human Genome CGH Microarray Kit 44A and a 
44K-Custom-Array designed with the eArray Software 6.2 (Arrays 
and software provided by Agilent) (Supplementary Methods).  
Whole-exome and whole-genome sequencing. Whole-genome and 
-exome sequencing (Agilent SureSelect Human All Exon 50 MB) were 
performed as previously described2, 45, 46. Sequence data analysis was 
performed using the Sidrón mutation caller46 and SMUFIN algorithm 
for structural variants12. The results were further verified by manual 





Cloning of the del(14)(q24;q32) breakpoints. For cloning of 
genomic breakpoints in cohort 2 different combinations of 18 
forward primers in 14q24 and 13 reverse primers in 14q32 
(Supplementary Table 12) were used for LD-PCR. The polymerase 
TaKaRa LA Taq (TAKARA BIO INC.) and a touchdown PCR program 
was applied according to manufacturers instruction. A nested PCR 
reaction using 1µl of 1:100-diluted amplicon was applied to enhance 
specificity. 
Molecular cytogenetic and cytogenetic analyses. Conventional 
cytogenetics (CC) was performed on G-banded (cohort 1) or R-
banded (cohort 2) chromosomes obtained after short term culture 
without stimulation or with stimulation with Phorbol 12-Myristate 
13-Acetate. Results were described according to the International 
System for Human Cytogenetic Nomenclature47. FISH was performed 
on cytogenetic suspensions according to standard protocols48. The 
bacterial artificial chromosome (BAC) and Fosmid clones selected 
from the Human Genome Browser Gateway 
(http://genome.ucsc.edu/cgi-bin/hgGateway) and used for FISH are 
described in Supplementary Table 13. The commercial FISH probes 
applied in the study are listed in Supplementary Table 14. For each 
test, the signal constellations of a minimum of 100 nuclei were 
counted. Slides were evaluated by two observers. 
IGHV-, ZFP36L1-, TRAF3 and NOTCH1-mutation analysis. IGHV and 
NOTCH1 exon 34 mutational analyses (cohorts 1-2) and TRAF3 
(cohort 2) were performed using direct Sanger sequencing as 
previously described11, 45, 49, 50. In cohort 2, the coding region of 
ZFP36L1 including exon/intron-boundaries were PCR amplified 
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(Supplementary Table 15) according to standard protocols and 
subsequently sequenced.  
Identifying translin motifs. Agnostic repetitive motif analysis was 
performed using standard MEME51 parameters within 200 bp 
windows of sequence fragments spanning the 14q breakpoints 
junctions identified in 17 patients. The program was forced to provide 
only those motifs present in all tested samples at least once. The motif 
identified as recurrent in all samples was then mapped on all patients 
by performing matrix-guided alignments on the corresponding 
200 bp windows using MatScan with a threshold of 0.7552. 
Identification of fusion transcripts using RT-PCR. Information on 
the genomic breakpoints was used to choose primer pairs for the 
detection of fusion transcripts (Supplementary Table 6). Depending 
on the expected product size the Gold Star Taq Polymerase 
(Eurogentec, Seraing, Belgium) or the Expand High Fidelity PCR 
System (Roche Diagnostics, Mannheim, Germany) were used under 
conditions recommended by the manufacturers. Depending on the 
PCR-results the conditions have been modified and a touch-down-
PCR was done.  
TOPO TA cloning. A subset of PCR products obtained from the 
breakpoint PCR and the RT-PCR to detect fusion transcripts in Cohort 
2 have been cloned using the TOPO TA cloning kit with the pCR 2.1-
TOPO Vector and chemically competent One Shot TOP10 E. coli cells 





Gene expression profiling. Total RNA was extracted with the TRIzol 
reagent following the recommendations of the manufacturer 
(Invitrogen Life Technologies) and hybridized to Affymetrix GeneChip 
Human Genome U219 arrays, as previously described53. We studied 
the GEP of CLL cases (802,1169,1191) with ZFP36L1-IGH fusion 
compared to the remaining 14q-wildtype 458 CLL cases. To evaluate 
the impact of ZFP36L1-IGH fusion/del(14)(q24q32) deletion on gene 
expression, summarized expression values were computed using the 
robust multichip average (RMA) approach implemented in the 
Expression Console Software (Affymetrix Inc.). Limma was used to 
detect probe sets differentially expressed between two or more 
groups. P-values were adjusted for multiple comparisons using the 
Benajmini-Hochberg method. Probe sets with an adjusted P-value 
below 0.15 were considered significant. 
RNA-seq analysis. RNA-seq libraries from 3 cases with ZFP36L1-IGH 
fusion (802,1169,1191) and 129 CLL cases with no 14q deletions 
were prepared from total RNA using the TruSeq™ RNA Sample Prep 
Kit v2 (Illumina Inc.,) as previously described53. RNA-seq data was 
processed with the ENCODE pipeline for long RNAs v2.0.0 
(https://github.com/ENCODE-DCC/long-rna-seq-pipeline). The 76-bp 
paired-end reads were aligned to the reference genome (hs37d5) and 
long transcriptome (subset of GENCODE v1954) corresponding to long 
transcripts) with STAR 55. The mapping was performed using a sex-
specific reference sequence including the Y chromosome for males 
but not for females. Gene and transcript expression levels were 
quantified in FPKM (Fragments per Kb of exon per Million mapped 




Differential gene expression analysis of RNA-seq data. To evaluate 
the impact of the ZFP36L1-IGH fusion/del(14)(q24q32) on global 
gene expression, RNA-seq data of ZFP36L1-IGH fusion CLL cases 
(n = 3) vs CLL cases without 14q-alterations (n = 129) were 
compared. RNA-seq differential expression analysis on normalized 
FPKM data was performed using the limma package58, 59 using a P-
value ≤ 0.05 for significance. Enrichment analyses were done over 
three categories: all significant differentially expressed genes, 
significantly overexpressed and significantly down-regulated genes. 
Allele- and isoform- specific expression. Allele-specific expression 
(ASE) for ZFP36L1-IGH fusion and normal ZFP36L1 alleles was 
computed. The ASE quantifies the contribution of each allele to the 
global expression of ZFP36L1 gene. In order to count: (I) the number 
of split-mapped reads spanning the chimeric splice-junctions for the 
fusion mRNA isoforms (fusion junction reads) and (II) the number of 
split-mapped reads spanning the splice-junction specific and common 
for all the normal mRNA isoforms (normal junction reads), read-pairs 
to the normal and chimeric mRNA isoforms were calculated. ASE 
fusion was computed (ASEF) as the ratio between the fusion reads 
and fusion reads plus normal reads. Finally, normal ASE (ASEN) was 
calculated as 1-ASEF. The isoform- specific expression (ISE) for 
normal ZFP36L1 and chimeric ZFP36L1-IGH isoforms was calculated 
in normal B cells from 3 healthy individuals and the 3 CLL cases 
(cohort 2). To compute the ISE, the number of split-mapped reads 
spanning the splice-junction specific for each of the isoforms (junction 
spanning reads) were counted. The ISE for each isoform was 
calculated as the ratio between the number of junction spanning 
reads for the isoform and the sum of junction spanning reads for all 
the possible normal or chimeric isoforms (Supplementary Table 16). 
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Statistical analysis. Fisher’s exact test was used to compare the 
frequencies of trisomy 12 and 13q deletion in CLL with ZFP36L1-IGH 
fusion (cohorts 1 and 2) with the general frequency of these 
aberrations in the ICGC CLL series. TTT of cases with ZFP36L1-IGH 
fusion, cases with del(14)(q24) and CLL cases without any 14q 
abnormality was evaluated. TTT curves from date of sampling were 




Figure 1. Genetic features of CLL/SLL and B-cell lymphomas with 
14q-deletion. (a) Copy number profile of chr14 in the seven cases 
with 14q-deletion identified by SNP array (cohort 1). (b) Circos plot 
representation of seven samples analyzed by WGS and SNP6.0 array. 
Blue inner lines represent intrachromosomic translocations and black 
inner lines represent interchromosomic translocations. The 
histogram depicts gains and losses of the seven samples colored in 
blue and red respectively. Finally the outer dots represent all exonic 
point mutations in the seven whole genomes. The size of the points 
correlate with mutation frequency in this series. (c) ZFP36L1 
representation showing all breakpoints obtained from different 
platforms: breakpoints from SNP6.0 array in orange, from whole-
genome-sequencing in yellow, from LD-PCR sequencing in grey and 
from 14q-custom array in red (Case 46 is not a ZFP36L1-IGH case as it 
has its distal breakpoint centromeric to IGH). Blue squares depict 
exons and the green one depicts an intron.  
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Figure 2. Expression of IGH-ZFP36L1 transcripts and isoforms and 
deregulated gene expression profile. (a) Recurrent deletion of 
chromosome 14 produces chimeric IGH-ZFP36L1 mRNAs. Recurrent 
deletions between chromosomal regions 14q24 and 14q32 identified 
in CLL/B-NHL and the corresponding chimeric mRNA products are 
shown. For the sake of clarity, the involved 35 Mb region is shown in 
reverse. Dashed blue lines indicate, for each of the deletions 
characterized, the positions of the breakpoints in the immunoglobulin 
heavy chain (IGH) gene region in 14q32 (left) and the ZFP36L1 gene 
in 14q24 (right).The resulting chimeric mRNA forms (center) are 
shown with the predicted protein underneath. Most abundant 
isoform for each fusion gene is represented (see Figure 2b). The 
truncated Tis11B domain, as well as downstream complete zinc finger 
regions, are shown as they have been described for the normal 
ZFP36L1 protein (top right panel). In patients 13, 15 and 17 the 
predicted protein has no annotated functional domains to represent. 
On the IGH locus, we indicate different immunoglobulin regions as 
annotated in the IMGT database, above the 300 Kb black line, and the 
genomic position of the exons (as grey boxes below), which are 
incorporated into the spliced chimeric mRNAs forms. These regions 
have been annotated according to the IMGT, GENCODE and UCSC 
databases (see Methods). Regarding the ZFP36L1 region, we display 
(in yellow) the genomic structure of two isoforms described in RefSeq 
and as expressed in ZFP36L1-IGH cases according to our RNAseq 
(802, 1169 and 1191) and RT-PCR-based sequencing data. (b) 
Expression of different chimeric IGH-ZFP36L1 mRNA isoforms in CLL 
patients. Representation of the identified isoforms deriving from the 
different deletions and reconstructed using RNAseq read data for 
three CLL samples. The chimeric mRNA isoforms and their 
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corresponding predicted proteins are shown. Allele and isoform 
specific expression levels were inferred from the relative count of 
unambiguous read abundance across splice junctions and are 
depicted as chart pies. The length for each of the resulting longest 
potential coding regions is shown in number of amino acids, 
indicating the fraction derived from the IGH and ZFP36L1 regions. 
Protein domains are shown for each of the isoforms following the 
colour code used in figure 1a. When the Tis11B domain is truncated 
the percentage of the remaining fragment is specified. (c) Schematic 
view of the distribution of the 13 bp motif sequence around the 
breakpoint region in ZFP36L1 in cohorts 1 and 2. This 13bp motif is 
overrepresented in the ZFP36L1 and IGH breakpoint regions and 
matches with the sequence GCCC[A/T][G/C][G/C] known to be 
recognized by the DNA-binding Translin protein. (d) Heatmap of the 
expression of the genes (microarray data) of chromosome 14 in CLL 
patients grouped on the basis of ZFP36L1-IGH fusion (red) and cases 
with wild type chromosome 14 (14q- wt) (blue). In the group "14q 
wt" only 40 random CLL cases (out of 458) were represented. Cases 
with 14q deletion have downregulation of genes of the deleted region, 
whereas the three cases with ZFP36L1-IGH fusion have upregulation 
of a few genes, including RAD51B and ZFP36L1, juxtaposed to the IGH 
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Results and discussion 
 
This section contains a summary of the results of each of the studies 
represented by the publications included in this thesis and other 
unpublished results that are part of the work in progress. For the sake 
of clarity, the results are not described in chronological order, but 
instead, following the order of the work flow of the general protocols 
for genome analysis: (i) development of bioinformatic tools for the 
identification of somatic variation in tumor genomes; (ii) the 
application of these protocols to large datasets of cancer genomes; 
(iii) the development of new strategies for the annotation of gene 
regulatory regions; and (iv) the characterization of chromosomal 
rearrangements in cancer genomes, including the study of the 
underlying mechanisms, as well as their potential functional and 
clinical impacts.   
 
Development of bioinformatic to identify somatic variation in 
cancer genomes 
 
This particular study (Moncunill et al. 2014) was carried out in the 
context of our participation in the International Cancer genome 
Consortium, in particular, within the Chronic Lymphocytic Leukemia 
Spanish consortium. While the original participation and tasks of the 
BSC within this consortium were in relation to the management and 
primary analysis of all the generated CLL exomes and genomes, our 
group took this collaboration as an opportunity to develop solutions 
for the identification of somatic variants in cancer, which was a major 
bottleneck within this type of studies. At that time, the available 
analysis tools for identify somatic variants in tumors were restricted 
to the use of different programs developed by different groups and 
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focusing in the detection of specific type and range of somatic 
variation. Some programs were restricted to point mutations of small 
indels, others to specific size range of SVs, forcing their combination 
into complex pipeline for the complete analysis of tumor genomes. 
The overall specificity values for these programs, particularly those 
centered in SVs were quite low (<60%).  
To overcome these limitations and to generate solutions accessible to 
all types of groups and computing environments, even those with no 
specific expertise in bioinformatics, we generated SMUFIN. 
Publication 1 describes the underlying search mechanism of SMUFIN, 
as well as the results obtained using in-silico and real tumor data, 
focusing on the reconstruction of complex chromosomal 
rearrangements. All this work has been done in close collaboration 
with the groups of Elias Campo (Hospital Clinics, IDIBAPS) and Jan 
Korbel (EMBL), which have been involved in the experimental 
validations of SMUFIN’s findings.  
In summary, compared with previous methods SMUFIN offers several 
novelties and improvements: (i) because SMUFIN is based on direct 
tumor and normal genome sequence comparison, the user can 
analyze his data without previous preparation, either of alignments or 
filters. Just this simple improvement avoids the use of several 
programs with different computational requirements, which 
constitute an important barrier for non-experts in the computational 
field. (ii) Furthermore, SMUFIN can detect different type of variants 
(point mutations, insertions, deletions and translocations) without 
size restriction and at base pair resolution, which allows a more 
precise interpretation of the results and a better inference of the 
potential functional impact of the variation. (iii) In terms of reliability, 
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after experimental validation, our program has demonstrated better 
specificity results than the other available methods, including those 
specialized in particular mutation type, particularly on large 
structural variation.  
At the level of immediate use for research, this tool allows to easily 
perform somatic analysis of any genome sequence, covering all 
aspects of sequence modification, from point mutations to large 
reorganizations within the genome. We demonstrate on mantle cell 
lymphoma and paediatric medulloblastoma samples the potential of 
this application for the detailed characterization of structural 
variation often occurring in cancer genomes. In addition, considering 
all the advantages that SMUFIN provides, it also appears, as a realistic 
solution for the expected needs when the genomic analysis will 
become a regular practice within healthcare systems and will be 
extended to thousands and millions of individuals.   
 
Application of SMUFIN for the analysis of large structural 
variation in large datasets 
 
From the development of SMUFIN and through a strong collaboration 
generated with the ICGC-CLL consortium, in particular with the group 
of Elias Campo (Hospital Clínic, UB), I was directly involved in the 
aspects concerning the computational analysis of the structural 
variation associated to whole genome sequences of 148 CLL tumors. 
This study was part of a larger study with the aim of a wide 
characterization of the CLL genome that comprises, in addition to 
these 148 whole genome sequences, other 440 exome sequences, 
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expression data (RNAseq), genome arrays, and other information 
regarding the clinics of the pathology and the correlation with the 
molecular aspects identified (Publication 2).  
In collaboration with Marta Munar, a student that I was guiding 
within the group, and with the group of Elias Campo, we have 
determined the landscape of chromosomal rearrangements in CLL 
through the use of SMUFIN and further manual and detailed analysis 
on the 148 whole CLL genomes. We can observe recurrent structural 











Figure 12. Circular diagram representation of the distribution of structural 
variants detected in 148 WGS CLL samples. Displayed in the outer layer we 
show recurrence in Copy number Alterations (CNAs) below of each of the 
represented chromosomes, followed by all the breakpoints derived from 
large (> 100 bp) intra- and inter-chromosomal rearrangements (dark blue) 
in the inner layer. For clarity, the scale of CNAs is set to 20%, as the 
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maximum, showing sequence gains and losses, as positive (blue) and 
negative (red) values, respectively. Rearrangements are displayed in 
absolute counts, indicating that the values in each of the regions do not 
reflect the recurrence among samples, as some regions with high values 
derive from one or two cases, normally with complex karyotypes. We 
highlighted with dashed squares those regions (3p21, 11q23, 13q14, 14q32 
and 18q21) with rearrangements observed in more than 5% of cases with 
WGS. As to rearrangement events, of a total of 358 breakpoints were 
detected across all 148 samples, 41% of them correspond to 
interchromosomal translocations, while 59% occurred within chromosomes. 
Chromosomes 11 and 13 appear as the most rearranged, entailing 25% of all 
the breaks, followed by chromosomes 3 and 6 (with 8% each). Regarding 
interchromosomal rearrangements chromosomes 6, 8, 13 and 14 appear as 
the most translocated, being involved in 32% of all translocations observed. 
Recurrent breakpoints are indicated by arrows: black arrows for 
rearrangements affecting 18q21 and BCL2 (four cases with 14q32 and one 
case with 2p11) and blue arrows for rearrangements affecting 13q14 (nine 
cases with different chromosomes). 
  
In six of the cases, we also detected recurrent patterns of 
chromosomal reorganization, similar to those described before and 
known as Chromoplexy and chromothripsis (Baca et al. 2013; Shen 
2013; Moncunill et al. 2014; Rode et al. 2015). In these CLL cases, as 
shown in figure 13, we observed that some restricted regions in the 
genome (at least three) and different in each of the patients, 
translocate with each other in an all-with-all way (see tumors 141 
and 853). This is consistent with an scenario where all three regions 
are close in the space, or physically interacting, further  experiments 













Figure 13. Circular representation of structural variants detected in three 
CLL tumours with complex rearrangements including chromoplexia (sample 
141), chromothripsis (sample 880) and combined (sample 853). 
Chromosomes are represented in the outer layer, regions lost (red) and 
gained (blue) detected by SNP arrays are shown in the inner layer. Inter and 
intrachromosomal rearrangements are represented as black and blue lines, 
respectively. 
 
Interestingly, tumor 853 clearly presents these two kinds of events 
simultaneously. By carefully organizing all the different breaks 
identified in this patient, together with intensive manual inspection of 
the sequence directly we could reconstruct the complex karyotype 
resulting from the chromothripsis and chromoplexy events (figure 14 
A). Using chromosome painting techniques (figure 14 B), we could 
verify the existence of four derivative chromosomes, as we have 
predicted organizing the different breaks identified. As far as we can 
detect using SMUFIN and confirm by the chromosome painting, the 
translocations identified in these genomes, both intra and 
interchromosomal, appear to affect one allele only, leaving the other 














Figure 14. A) Reconstruction at base pair resolution of the resulting 
reorganized chromosomes in case 853 including der(X) in yellow, der(2) in 
dark blue, der(8) in green, and der(11) in red. In these reconstructions, only 
reorganized fragments larger than 100 bp are represented unless they 
involve interchromosomal translocations. Rearranged regions are not drawn 
to scale. Arrows denote inverted fragments relative to their normal and 
original orientation. Flanking portions of the derivative chromosomes 
without detected rearrangements are collapsed and shown as broken boxes. 
Estimated sizes (in Mb) for the resulting derivative chromosomes are shown 
on the left side, including the fraction (percentage) relative to the 
corresponding normal chromosome size. Asterisks indicate breakpoints that 
have been experimentally studied and verified. Genes disrupted by 
breakpoints are displayed on the left side of each of the proposed derivative 
chromosomes in purple. B) Whole-chromosome painting confirmed the 
sequencing reconstruction proposed in b. Simultaneous painting of 
chromosome 8 (green) and 11 (red) shows a normal chromosome 11 and a 
shorter chromosome der(11) as well as a normal chromosome 8 and der(8) 
that contains a fragment of chromosome 11 inserted below the centromeric 
region. In addition, a small fragment of chromosome 8 is detected in the 






Development of new strategies for the annotation of gene 
regulatory regions 
 
Following the annotation of all variants affecting a given genome, the 
evaluation of their local impact helps us to determine which functions 
of the cell are potentially affected. For this, it is necessary a good 
annotation of the functionality of all the regions in the genomes. The 
identification of regulatory regions in eukaryotic genomes has been 
always a challenge, particularly before all the generation of epigenetic 
data from the ENCODE project, for example. But, still the 
identification of the regulatory regions and the functional binding 
sites are not completely solved. I here describe the results we have 
obtained for the development of ReLA (REgulatory region Local 
Alignment tool; Publication 3), which also involved other members of 
the group: Barbara Montserrat and Montserrat Puiggròs. This study, 
the first in which I was involved in the group, was part of the 
annotation efforts done in the group and follows its general interest 
of correlating genome variation with functional impact and, 
ultimately, with disease.  
In summary, the underlying search mechanisms of ReLA is the 
conservation of transcription factor binding sites (TFBS) among 
orthologous regions from different genomes, in contrast to previous 
bioinformatic methods that were based on sequence conservation to 
infer functionality. ReLA maps known TFBS in different orthologous 
regions and finds common patterns and sequences of motifs (not 
nucleotides). Similarly as BLAST does with amino acids, or 
nucleotides, ReLA uses the smith-waterman algorithm to find the best 
combination of conserved binding sites among all target regions 
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(Smith and Waterman 1981). We describe the possibilities of ReLA to 
identify proximal promoter regions, even improving the annotation of 
5’ gene regions and the potential transcription start site as well as 
enhancers. Finally, we also generated a server 
(http://www.bsc.es/cg/rela/), where the user can execute ReLA 
remotely and infer the regulatory potential of a set of provided 
orthologous regions.       
 
Functional and mechanistic inference of somatic structural 
variation in cancer 
 
Beyond providing general descriptions of tumor related events 
through the classification of recurrent rearrangements evens (see 
Publication 2), the identification of the exact position of somatic 
structural variation in cancer can also provide, in combination with 
the annotation of the genome, insights into their mechanism of 
formation, as well as into the potential functional consequences 
within the cell.  
One of the studies that fall into this section aim to understand the 
potential mechanisms and consequences behind a recurrent and 
already known 14q deletion observed in CLL patients. In close 
collaboration with the groups of Silvia Bea (Hospital Clinic, IDIBAPS) 
and Reiner Siebert (Institute of Human Genetics at Christian-
Albrechts-Universität), we have characterized in detail the genomic 
architecture of this 14q24.1-q32.33 deletion and determined the 
formation of a gene fusion event between an IGH locus and the 
ZFP36L1 gene (Manuscript 1). These patients develop a more 
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aggressive form of the tumor. The detailed evaluation of the break 
points identified with SMUFIN over the whole genome sequence of 50 
CLL samples identified three clear cases that suffered a deletion 
connecting different points of the 14q24.1 IGH region, with the first 
intron of the ZFP36L1 gene. The analysis of transcription, done by 
Bernanrdo Rodriguez in our group, showed actual expression of 
different forms of chimeric transcripts containing a short 5’ segment 
of the IGH region and a large portion of the ZFP36L1 coding sequence. 
All these transcripts have been seen to potentially code for a fusion 
protein with a disrupted TS11B domain within the ZFP36L1 protein 
that is involved in the interaction with mRNAs and response to 
growth factors (Bustin et al. 1994) .  
In addition, and in order to uncover the potential molecular 
mechanisms underlying this, and maybe other rearrangements in 
cancer, we also searched for recurrent sequence patterns around the 
break points of this 14q24.1-q32.33 deletion. The systematic 
inspection of 200bp around the breaks has resulted in the detection 
of a recurrent motive. Although the position of the motive is not fixed 
relative to the position of the break, the conservation of the sequence 
and its enrichment within these regions compared to random models 
is significant (see Manuscript 1). This motive agrees with the 
sequence recognized by the Translin protein, which is involved in 
other known IGH translocations (Aoki et al. 1997). 
This collaborative study is an example of the power of integrating 
different data and expertise to uncover the biology behind 




Recurrent mutated regulatory regions in CLL 
 
As a follow up of the general characterization of the structural 
variation of the CLL genome, we also obtained preliminary results on 
the potential impact of somatic variants in gene regulation that still 
require further and more detail study. From the detailed study of all 
the rearrangements identified in CLL tumors, we have clustered non-
coding variants from all the different patients and identified some 
regions with a clear recurrence among samples that could indicate a 
functional impact at the level of regulation.  
Among all the regions identified, I here highlight one. It corresponds 
to a recurrent mutated region upstream of the proto-oncogene BCL6 
(figure 15). Mutations in this gene, even in their promoter region, 
have been demonstrated to be a driver event in CLL (Pasqualucci et al. 
2003). That is the reason why the presence of mutations in several 
CLL patients 150kb upstream of BCL6 rapidly suggests a possible 
interaction between this region and the oncogene. 
Analyzing the region in more detail we can observe a peak on 
H3K4Me1 histone mark, usually associated with regulatory elements. 
This specific region has been described as a candidate enhancer after 
chromatin conformation capture assays demonstrated their 













Figure 15. Overall representation of BCL6 upstream area. First row 
corresponds to the different mutations annotated across 148 CLL patients, 
both regions that cluster most of the variants are framed. Information of 
histone marks associated with regulatory potential is also shown for 
histones H3K4Me1, H3K4Me3 and H3K27Ac. 
 
These results are not published yet and together with other 
promising candidate regions are currently being studied as new 













This thesis has had the opportunity to experience the transformation 
from the first large NGS studies to the establishment of these 
techniques in many of the current genomic studies. Partly, the 
developed tools and the obtained results reflect that evolution. 
Nowadays seems obvious that in a close future the whole genome 
sequencing will not be limited to research studies and it will take a 
relevant role in health care systems. First initiatives have been 
recently launched, such as the 100.000 genomes from Genomics 
England, as a first step to integrate this analysis in the hospitals for a 
personalized medicine solution. 
To reach this objective a combination between technology 
accessibility, analysis capabilities and knowledge about the different 
diseases will be needed. This thesis covers somehow part of this 
process that begins from the whole genome sequence of an individual 
and goes throw the identification of their different variants and the 
potential functional impact in the disease. 
Although all the material and methods used to develop this thesis are 
reflected in the different published papers, I would like to finish my 
thesis with some considerations about their role and impact in my 
research. 
Often, the design of efficient software can improve the speed up of the 
analysis, even more than the addition of more computing power. A 
clear example was ReLA, originally designed using graphs 
approximations. By using, instead, a Smith&Waterman dynamic 
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programming algorithm (Smith and Waterman 1981) the efficiency 
for the detection changed drastically, not only improving the 
predictions, but also reducing the execution time from few days to 
some minutes. 
In a similar way and discussed in the previous sections, to select the 
correct DNA alignment algorithm is key in order to obtain successful 
results. While Smith&Waterman provides you with the most optimal 
result, BLAST and other BLAST-like algorithms (Altschul et al. 1990; 
Kent 2002) are suitable for high identity searches on large databases 
such as through the human genome. An extreme adaptation of the 
alignment algorithm must be used to perform millions of alignments 
from sequencing data; these methods were introduced in the 
“Analysis of NGS data” section. 
The different available programming languages can also offer 
plasticity for adapting to the final goals of the method. For the most 
text oriented tasks (parsing) I have chosen to use Perl, as language 
program. It allows the comparison of text files, such as genes or 
pathways lists, as well as for other text and numerical data in a simple 
and quick way. However, Perl shows some limitations when dealing 
with large amount of data and with the management of objects. RELA, 
for example, is developed in Perl because it has to deal with relatively 
small pieces of the genome. C++ is the opposite program language in 
terms of accessibility and optimization. Large datasets and costly 
computing analysis are more successfully lead with C++ than with 
Perl. C++ allows a more accurate memory management and a deeper 
manipulation and understanding of the complete computational 
process. SMUFIN uses this last programming language to deal with 
the millions of reads obtained from NGS platforms. 
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Lastly, despite the access to previous knowledge and studies 
reinforces the research, the accessible data is large and complex, due 
to the available formats and the weaknesses associated to each of the 
datasets, usually generated using highthroughput approaches. The 
proper use of this data requires the understanding of the underlying 
strategies and their limitations. All these data can be accessed 
through genome browser that collect and display data over the 
genome. These datasets are by far the most used material in all the 
work developed during this thesis. Public collector databases such as 
ENSEMBL, UCSC and NCBI (Hubbard et al. 2002; Kent et al. 2002; 
Cooper et al. 2010) offer an intuitive and value system to organize 
and filter all this information. Most of the figures presented on this 
thesis and their companion publications derive from the analysis and 









I. Through the development of SMUFIN, we conclude that the 
direct comparison of sequence reads from whole genomes 
allows a more accurate identification of somatic variants in 
the analysis of cancer genomes. 
II. SMUFIN allows the identification and characterisation of 
somatic chromosomal rearrangements in tumours, including 
the complete reconstruction of complex karyotypes at base 
pair resolution level. 
III. Complex chromosomal reorganisation events, such as 
chromothripsis and chromoplexy, are also found in blood 
tumours, such as Mantle Cell Lymphomas and Chronic 
Lymphocytic Leukaemia.  
IV. Chronic Lymphocytic Leukaemia shows several recurrent 
structural variation, which, in part, correlate with a more 
aggressive progression of the tumour. 
V. A recurrent deletion identified in chromosome 14 produces a 
potentially coding chimeric mRNA resulting from the 
expression of the fusion between IGH parts and the ZFP36L1 
gene.  
VI. Translin is a candidate effector triggering the recurrent 
deletion observed in chromosome 14 of CLL patients.   
VII. The analysis of conservation of transcription factor binding 
sites improves the prediction of regulatory regions in 
eukaryotic genomes compared to classical approaches based 









Abbott A. 2011. Europe to map the human epigenome. Nature 
477(7366): 518. 
Abeel T, Van de Peer Y, Saeys Y. 2009. Toward a gold standard for 
promoter prediction evaluation. Bioinformatics 25(12): i313-320. 
Affer M, Chesi M, Chen WD, Keats JJ, Demchenko YN, Tamizhmani K, 
Garbitt VM, Riggs DL, Brents LA, Roschke AV et al. 2014. 
Promiscuous MYC locus rearrangements hijack enhancers but 
mostly super-enhancers to dysregulate MYC expression in 
multiple myeloma. Leukemia 28(8): 1725-1735. 
Akhtar-Zaidi B, Cowper-Sal-lari R, Corradin O, Saiakhova A, Bartels CF, 
Balasubramanian D, Myeroff L, Lutterbaugh J, Jarrar A, Kalady MF 
et al. 2012. Epigenomic enhancer profiling defines a signature of 
colon cancer. Science 336(6082): 736-739. 
Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin 
AV, Bignell GR, Bolli N, Borg A, Borresen-Dale AL et al. 2013. 
Signatures of mutational processes in human cancer. Nature 
500(7463): 415-421. 
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local 
alignment search tool. Journal of molecular biology 215(3): 403-
410. 
Aoki K, Inazawa J, Takahashi T, Nakahara K, Kasai M. 1997. Genomic 
structure and chromosomal localization of the gene encoding 
translin, a recombination hotspot binding protein. Genomics 
43(2): 237-241. 
Ashurst JL, Chen CK, Gilbert JG, Jekosch K, Keenan S, Meidl P, Searle SM, 
Stalker J, Storey R, Trevanion S et al. 2005. The Vertebrate 
Genome Annotation (Vega) database. Nucleic acids research 
33(Database issue): D459-465. 
Baca SC, Prandi D, Lawrence MS, Mosquera JM, Romanel A, Drier Y, Park 
K, Kitabayashi N, MacDonald TY, Ghandi M et al. 2013. 
Punctuated evolution of prostate cancer genomes. Cell 153(3): 
666-677. 
Belton JM, McCord RP, Gibcus JH, Naumova N, Zhan Y, Dekker J. 2012. Hi-
C: a comprehensive technique to capture the conformation of 
genomes. Methods 58(3): 268-276. 
Bustin SA, Nie XF, Barnard RC, Kumar V, Pascall JC, Brown KD, Leigh IM, 
Williams NS, McKay IA. 1994. Cloning and characterization of 
159 
 
ERF-1, a human member of the Tis11 family of early-response 
genes. DNA and cell biology 13(5): 449-459. 
Callinan PA, Batzer MA. 2006. Retrotransposable elements and human 
disease. Genome dynamics 1: 104-115. 
Carninci P Kasukawa T Katayama S Gough J Frith MC Maeda N Oyama R 
Ravasi T Lenhard B Wells C et al. 2005. The transcriptional 
landscape of the mammalian genome. Science 309(5740): 1559-
1563. 
Carter H, Chen S, Isik L, Tyekucheva S, Velculescu VE, Kinzler KW, 
Vogelstein B, Karchin R. 2009. Cancer-specific high-throughput 
annotation of somatic mutations: computational prediction of 
driver missense mutations. Cancer research 69(16): 6660-6667. 
Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, Sougnez C, 
Gabriel S, Meyerson M, Lander ES, Getz G. 2013. Sensitive 
detection of somatic point mutations in impure and 
heterogeneous cancer samples. Nature biotechnology 31(3): 213-
219. 
Ciriello G, Miller ML, Aksoy BA, Senbabaoglu Y, Schultz N, Sander C. 2013. 
Emerging landscape of oncogenic signatures across human 
cancers. Nature genetics 45(10): 1127-1133. 
Consortium EP. 2004. The ENCODE (ENCyclopedia Of DNA Elements) 
Project. Science 306(5696): 636-640. 
-. 2012. An integrated encyclopedia of DNA elements in the human 
genome. Nature 489(7414): 57-74. 
Cooper PS, Lipshultz D, Matten WT, McGinnis SD, Pechous S, Romiti ML, 
Tao T, Valjavec-Gratian M, Sayers EW. 2010. Education resources 
of the National Center for Biotechnology Information. Briefings in 
bioinformatics 11(6): 563-569. 
Chen K, Wallis JW, McLellan MD, Larson DE, Kalicki JM, Pohl CS, McGrath 
SD, Wendl MC, Zhang Q, Locke DP et al. 2009. BreakDancer: an 
algorithm for high-resolution mapping of genomic structural 
variation. Nature methods 6(9): 677-681. 
Dekker J, Rippe K, Dekker M, Kleckner N. 2002. Capturing chromosome 
conformation. Science 295(5558): 1306-1311. 
Dubchak I, Munoz M, Poliakov A, Salomonis N, Minovitsky S, Bodmer R, 
Zambon AC. 2013. Whole-Genome rVISTA: a tool to determine 
enrichment of transcription factor binding sites in gene 
promoters from transcriptomic data. Bioinformatics 29(16): 
2059-2061. 




Erez A, DeBerardinis RJ. 2015. Metabolic dysregulation in monogenic 
disorders and cancer - finding method in madness. Nature 
reviews Cancer 15(7): 440-448. 
Escaramis G, Docampo E, Rabionet R. 2015. A decade of structural 
variants: description, history and methods to detect structural 
variation. Briefings in functional genomics 14(5): 305-314. 
Friedberg EC. 2003. DNA damage and repair. Nature 421(6921): 436-440. 
Fu Y, Liu Z, Lou S, Bedford J, Mu XJ, Yip KY, Khurana E, Gerstein M. 2014. 
FunSeq2: a framework for prioritizing noncoding regulatory 
variants in cancer. Genome biology 15(10): 480. 
Fullwood MJ, Wei CL, Liu ET, Ruan Y. 2009. Next-generation DNA 
sequencing of paired-end tags (PET) for transcriptome and 
genome analyses. Genome research 19(4): 521-532. 
Gerstein MB, Kundaje A, Hariharan M, Landt SG, Yan KK, Cheng C, Mu XJ, 
Khurana E, Rozowsky J, Alexander R et al. 2012. Architecture of 
the human regulatory network derived from ENCODE data. 
Nature 489(7414): 91-100. 
Gonzalez-Perez A, Lopez-Bigas N. 2012. Functional impact bias reveals 
cancer drivers. Nucleic acids research 40(21): e169. 
Guigo R, Flicek P, Abril JF, Reymond A, Lagarde J, Denoeud F, Antonarakis 
S, Ashburner M, Bajic VB, Birney E et al. 2006. EGASP: the human 
ENCODE Genome Annotation Assessment Project. Genome 
biology 7 Suppl 1: S2 1-31. 
Hallikas O, Palin K, Sinjushina N, Rautiainen R, Partanen J, Ukkonen E, 
Taipale J. 2006. Genome-wide prediction of mammalian 
enhancers based on analysis of transcription-factor binding 
affinity. Cell 124(1): 47-59. 
Hanahan D, Weinberg RA. 2000. The hallmarks of cancer. Cell 100(1): 57-
70. 
-. 2011. Hallmarks of cancer: the next generation. Cell 144(5): 646-674. 
Harrow J, Denoeud F, Frankish A, Reymond A, Chen CK, Chrast J, Lagarde 
J, Gilbert JG, Storey R, Swarbreck D et al. 2006. GENCODE: 
producing a reference annotation for ENCODE. Genome biology 7 
Suppl 1: S4 1-9. 
Herz HM, Hu D, Shilatifard A. 2014. Enhancer malfunction in cancer. 
Molecular cell 53(6): 859-866. 
Huang FW, Hodis E, Xu MJ, Kryukov GV, Chin L, Garraway LA. 2013. Highly 
recurrent TERT promoter mutations in human melanoma. 
Science 339(6122): 957-959. 
Hubbard T, Barker D, Birney E, Cameron G, Chen Y, Clark L, Cox T, Cuff J, 
Curwen V, Down T et al. 2002. The Ensembl genome database 
project. Nucleic acids research 30(1): 38-41. 
161 
 
Huttenhofer A, Schattner P, Polacek N. 2005. Non-coding RNAs: hope or 
hype? Trends in genetics : TIG 21(5): 289-297. 
International Human Genome Sequencing C. 2004. Finishing the 
euchromatic sequence of the human genome. Nature 431(7011): 
931-945. 
Johnson DS, Mortazavi A, Myers RM, Wold B. 2007. Genome-wide 
mapping of in vivo protein-DNA interactions. Science 316(5830): 
1497-1502. 
Kan Z, Jaiswal BS, Stinson J, Janakiraman V, Bhatt D, Stern HM, Yue P, 
Haverty PM, Bourgon R, Zheng J et al. 2010. Diverse somatic 
mutation patterns and pathway alterations in human cancers. 
Nature 466(7308): 869-873. 
Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M, Zhang Q, 
McMichael JF, Wyczalkowski MA et al. 2013. Mutational 
landscape and significance across 12 major cancer types. Nature 
502(7471): 333-339. 
Kazazian HH, Jr., Moran JV. 1998. The impact of L1 retrotransposons on 
the human genome. Nature genetics 19(1): 19-24. 
Kent WJ. 2002. BLAT--the BLAST-like alignment tool. Genome research 
12(4): 656-664. 
Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, 
Haussler D. 2002. The human genome browser at UCSC. Genome 
research 12(6): 996-1006. 
Kiezun A, Garimella K, Do R, Stitziel NO, Neale BM, McLaren PJ, Gupta N, 
Sklar P, Sullivan PF, Moran JL et al. 2012. Exome sequencing and 
the genetic basis of complex traits. Nature genetics 44(6): 623-
630. 
Kim JM, Vanguri S, Boeke JD, Gabriel A, Voytas DF. 1998. Transposable 
elements and genome organization: a comprehensive survey of 
retrotransposons revealed by the complete Saccharomyces 
cerevisiae genome sequence. Genome research 8(5): 464-478. 
Klein U, Lia M, Crespo M, Siegel R, Shen Q, Mo T, Ambesi-Impiombato A, 
Califano A, Migliazza A, Bhagat G et al. 2010. The DLEU2/miR-
15a/16-1 cluster controls B cell proliferation and its deletion 
leads to chronic lymphocytic leukemia. Cancer cell 17(1): 28-40. 
Korbel JO, Campbell PJ. 2013. Criteria for inference of chromothripsis in 
cancer genomes. Cell 152(6): 1226-1236. 
Kulis M, Heath S, Bibikova M, Queiros AC, Navarro A, Clot G, Martinez-
Trillos A, Castellano G, Brun-Heath I, Pinyol M et al. 2012. 
Epigenomic analysis detects widespread gene-body DNA 
hypomethylation in chronic lymphocytic leukemia. Nature 
genetics 44(11): 1236-1242. 
162 
 
Lappalainen I, Almeida-King J, Kumanduri V, Senf A, Spalding JD, Ur-
Rehman S, Saunders G, Kandasamy J, Caccamo M, Leinonen R et 
al. 2015. The European Genome-phenome Archive of human 
data consented for biomedical research. Nature genetics 47(7): 
692-695. 
Li H, Durbin R. 2009. Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics 25(14): 1754-1760. 
Liu Y, Hermanson M, Grander D, Merup M, Wu X, Heyman M, Rasool O, 
Juliusson G, Gahrton G, Detlofsson R et al. 1995. 13q deletions in 
lymphoid malignancies. Blood 86(5): 1911-1915. 
Marco-Sola S, Sammeth M, Guigo R, Ribeca P. 2012. The GEM mapper: 
fast, accurate and versatile alignment by filtration. Nature 
methods 9(12): 1185-1188. 
Mardis ER. 2008. The impact of next-generation sequencing technology 
on genetics. Trends in genetics : TIG 24(3): 133-141. 
Marx V. 2015. The DNA of a nation. Nature 524(7566): 503-505. 
McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, 
Garimella K, Altshuler D, Gabriel S, Daly M et al. 2010. The 
Genome Analysis Toolkit: a MapReduce framework for analyzing 
next-generation DNA sequencing data. Genome research 20(9): 
1297-1303. 
Mitelman F, Johansson B, Mertens F. 2007. The impact of translocations 
and gene fusions on cancer causation. Nature reviews Cancer 
7(4): 233-245. 
Moncunill V, Gonzalez S, Bea S, Andrieux LO, Salaverria I, Royo C, 
Martinez L, Puiggros M, Segura-Wang M, Stutz AM et al. 2014. 
Comprehensive characterization of complex structural variations 
in cancer by directly comparing genome sequence reads. Nature 
biotechnology 32(11): 1106-1112. 
Morin R, Bainbridge M, Fejes A, Hirst M, Krzywinski M, Pugh T, McDonald 
H, Varhol R, Jones S, Marra M. 2008. Profiling the HeLa S3 
transcriptome using randomly primed cDNA and massively 
parallel short-read sequencing. BioTechniques 45(1): 81-94. 
Ng PC, Henikoff S. 2003. SIFT: Predicting amino acid changes that affect 
protein function. Nucleic acids research 31(13): 3812-3814. 
Ng SB, Buckingham KJ, Lee C, Bigham AW, Tabor HK, Dent KM, Huff CD, 
Shannon PT, Jabs EW, Nickerson DA et al. 2010. Exome 
sequencing identifies the cause of a mendelian disorder. Nature 
genetics 42(1): 30-35. 
Palazzo AF, Lee ES. 2015. Non-coding RNA: what is functional and what is 
junk? Frontiers in genetics 6: 2. 
163 
 
Palin K, Taipale J, Ukkonen E. 2006. Locating potential enhancer elements 
by comparative genomics using the EEL software. Nature 
protocols 1(1): 368-374. 
Pasqualucci L, Migliazza A, Basso K, Houldsworth J, Chaganti RS, Dalla-
Favera R. 2003. Mutations of the BCL6 proto-oncogene disrupt its 
negative autoregulation in diffuse large B-cell lymphoma. Blood 
101(8): 2914-2923. 
Puckelwartz MJ, Pesce LL, Nelakuditi V, Dellefave-Castillo L, Golbus JR, 
Day SM, Cappola TP, Dorn GW, 2nd, Foster IT, McNally EM. 2014. 
Supercomputing for the parallelization of whole genome 
analysis. Bioinformatics 30(11): 1508-1513. 
Puente XS, Bea S, Valdes-Mas R, Villamor N, Gutierrez-Abril J, Martin-
Subero JI, Munar M, Rubio-Perez C, Jares P, Aymerich M et al. 
2015. Non-coding recurrent mutations in chronic lymphocytic 
leukaemia. Nature 526(7574): 519-524. 
Ramachandrareddy H, Bouska A, Shen Y, Ji M, Rizzino A, Chan WC, 
McKeithan TW. 2010. BCL6 promoter interacts with far upstream 
sequences with greatly enhanced activating histone 
modifications in germinal center B cells. Proceedings of the 
National Academy of Sciences of the United States of America 
107(26): 11930-11935. 
Rausch T, Jones DT, Zapatka M, Stutz AM, Zichner T, Weischenfeldt J, 
Jager N, Remke M, Shih D, Northcott PA et al. 2012a. Genome 
sequencing of pediatric medulloblastoma links catastrophic DNA 
rearrangements with TP53 mutations. Cell 148(1-2): 59-71. 
Rausch T, Zichner T, Schlattl A, Stutz AM, Benes V, Korbel JO. 2012b. 
DELLY: structural variant discovery by integrated paired-end and 
split-read analysis. Bioinformatics 28(18): i333-i339. 
Ren S, Peng Z, Mao JH, Yu Y, Yin C, Gao X, Cui Z, Zhang J, Yi K, Xu W et al. 
2012. RNA-seq analysis of prostate cancer in the Chinese 
population identifies recurrent gene fusions, cancer-associated 
long noncoding RNAs and aberrant alternative splicings. Cell 
research 22(5): 806-821. 
Reva B, Antipin Y, Sander C. 2011. Predicting the functional impact of 
protein mutations: application to cancer genomics. Nucleic acids 
research 39(17): e118. 
Rimmer A, Phan H, Mathieson I, Iqbal Z, Twigg SR, Consortium WGS, 
Wilkie AO, McVean G, Lunter G. 2014. Integrating mapping-, 
assembly- and haplotype-based approaches for calling variants in 
clinical sequencing applications. Nature genetics 46(8): 912-918. 
164 
 
Rode A, Maass KK, Willmund KV, Lichter P, Ernst A. 2015. Chromothripsis 
in cancer cells: An update. International journal of cancer Journal 
international du cancer. 
Ronaghi M, Uhlen M, Nyren P. 1998. A sequencing method based on real-
time pyrophosphate. Science 281(5375): 363, 365. 
Rosenbloom KR, Sloan CA, Malladi VS, Dreszer TR, Learned K, Kirkup VM, 
Wong MC, Maddren M, Fang R, Heitner SG et al. 2013. ENCODE 
data in the UCSC Genome Browser: year 5 update. Nucleic acids 
research 41(Database issue): D56-63. 
Sanger F, Nicklen S, Coulson AR. 1977. DNA sequencing with chain-
terminating inhibitors. Proceedings of the National Academy of 
Sciences of the United States of America 74(12): 5463-5467. 
Seumois G, Chavez L, Gerasimova A, Lienhard M, Omran N, Kalinke L, 
Vedanayagam M, Ganesan AP, Chawla A, Djukanovic R et al. 
2014. Epigenomic analysis of primary human T cells reveals 
enhancers associated with TH2 memory cell differentiation and 
asthma susceptibility. Nature immunology 15(8): 777-788. 
Shen MM. 2013. Chromoplexy: a new category of complex 
rearrangements in the cancer genome. Cancer cell 23(5): 567-
569. 
Smith TF, Waterman MS. 1981. Identification of common molecular 
subsequences. Journal of molecular biology 147(1): 195-197. 
Smonskey MT, Block AW, Deeb G, Chanan-Khan AA, Bernstein ZP, Miller 
KC, Wallace PK, Starostik P. 2012. Monoallelic and biallelic 
deletions of 13q14.3 in chronic lymphocytic leukemia: FISH vs 
miRNA RT-qPCR detection. American journal of clinical pathology 
137(4): 641-646. 
Stintzing S, Stremitzer S, Sebio A, Lenz HJ. 2015. Predictive and 
prognostic markers in the treatment of metastatic colorectal 
cancer (mCRC): personalized medicine at work. 
Hematology/oncology clinics of North America 29(1): 43-60. 
Stratton MR, Campbell PJ, Futreal PA. 2009. The cancer genome. Nature 
458(7239): 719-724. 
Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston 
J, Zhang Y, Ye K, Jun G, Hsi-Yang Fritz M et al. 2015. An integrated 
map of structural variation in 2,504 human genomes. Nature 
526(7571): 75-81. 
Sun H, De Bie T, Storms V, Fu Q, Dhollander T, Lemmens K, Verstuyf A, De 
Moor B, Marchal K. 2009. ModuleDigger: an itemset mining 
framework for the detection of cis-regulatory modules. BMC 
bioinformatics 10 Suppl 1: S30. 
165 
 
Teles Alves I, Hartjes T, McClellan E, Hiltemann S, Bottcher R, Dits N, 
Temanni MR, Janssen B, van Workum W, van der Spek P et al. 
2015. Next-generation sequencing reveals novel rare fusion 
events with functional implication in prostate cancer. Oncogene 
34(5): 568-577. 
Valouev A, Ichikawa J, Tonthat T, Stuart J, Ranade S, Peckham H, Zeng K, 
Malek JA, Costa G, McKernan K et al. 2008. A high-resolution, 
nucleosome position map of C. elegans reveals a lack of universal 
sequence-dictated positioning. Genome research 18(7): 1051-
1063. 
van Dijk EL, Auger H, Jaszczyszyn Y, Thermes C. 2014. Ten years of next-
generation sequencing technology. Trends in genetics : TIG 30(9): 
418-426. 
Wang J, Mullighan CG, Easton J, Roberts S, Heatley SL, Ma J, Rusch MC, 
Chen K, Harris CC, Ding L et al. 2011. CREST maps somatic 
structural variation in cancer genomes with base-pair resolution. 
Nature methods 8(8): 652-654. 
Wang J, Zhuang J, Iyer S, Lin X, Whitfield TW, Greven MC, Pierce BG, 
Dong X, Kundaje A, Cheng Y et al. 2012. Sequence features and 
chromatin structure around the genomic regions bound by 119 
human transcription factors. Genome research 22(9): 1798-1812. 
Wang Z, Gerstein M, Snyder M. 2009. RNA-Seq: a revolutionary tool for 
transcriptomics. Nature reviews Genetics 10(1): 57-63. 
Weatherall DJ. 2001. Phenotype-genotype relationships in monogenic 
disease: lessons from the thalassaemias. Nature reviews Genetics 
2(4): 245-255. 
Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, Flavell 
A, Leroy P, Morgante M, Panaud O et al. 2007. A unified 
classification system for eukaryotic transposable elements. 
Nature reviews Genetics 8(12): 973-982. 
Xiao-Jie L, Hui-Ying X, Qi X, Jiang X, Shi-Jie M. 2015. LINE-1 in cancer: 
multifaceted functions and potential clinical implications. 
Genetics in medicine : official journal of the American College of 
Medical Genetics. 
Ye K, Schulz MH, Long Q, Apweiler R, Ning Z. 2009. Pindel: a pattern 
growth approach to detect break points of large deletions and 
medium sized insertions from paired-end short reads. 
Bioinformatics 25(21): 2865-2871. 
Zhang J, Baran J, Cros A, Guberman JM, Haider S, Hsu J, Liang Y, Rivkin E, 
Wang J, Whitty B et al. 2011. International Cancer Genome 
Consortium Data Portal--a one-stop shop for cancer genomics 
166 
 
data. Database : the journal of biological databases and curation 
2011: bar026. 
Ziats MN, Rennert OM. 2013. Aberrant expression of long noncoding 
RNAs in autistic brain. Journal of molecular neuroscience : MN 
49(3): 589-593. 
 
 
167 
 
